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ABSTRACT
Diatoms are a group of highly diverse photosynthetic eukaryotes that account for
about 40% of oceanic primary production. In large areas of the ocean deemed high
nitrate, low chlorophyll (HNLC) regions, dissolved macronutrient (nitrogen, phosphorus,
silica) concentrations are high in the surface but diatom biomass is consistently low. The
Southern Ocean (SO) is the largest of these environments, and when exogenous Fe is
supplied to this region, large diatoms blooms and subsequent carbon export are promoted.
As such, SO diatoms are major players in the global carbon cycle and were the focus of
this dissertation. This work sought to determine SO diatom biogeography and investigate
their potential Fe-limitation coping strategies.
Chapters 1 and 2 focused on determining diatom biogeography and community
structure in the western Antarctic Peninsula (WAP), the Ross Sea Polynya (RSP), and
surrounding HNLC Antarctic Circumpolar Current (ACC) waters. Diatom-targeted highthroughput molecular barcoding data and corresponding environmental metadata were
analyzed to determine diatom community composition and the factors driving their
structure. Chapter 1 details findings from RSP and ACC samples collected during a 2013
austral summer cruise. Fragilariopsis and Pseudo-nitzschia sequences dominated the
sampled areas, with Fe and salinity together driving the community patterns, likely due to
seasonal sea ice melt water. Chapter 2 analyzed samples collected from two WAP
research cruises (austral spring 2014 and 2016) to compare the interannual and spatial
variation of the communities. While offshore and inshore WAP communities differed in
species composition, there was little interannual variation.

In Chapter 3, metatranscriptomic sequencing was used to examine the gene
expression response of a SO diatom community and their associated bacteria to Feamendment incubations during the 2016 WAP cruise. Fe addition elicited varying
responses by different diatom genera, with more prevalent diatoms experiencing more
differential regulation of Fe-responsive pathways and proteins. In addition, some diatom
genera expressed components of a putative Fe-siderophore uptake system, including an
Fe-siderophore outer membrane receptor protein and corresponding ABC transporter
components. In the bacterial metatranscriptome, upregulation of Fe-siderophore uptake
genes was observed, possibly indicating increased competition for Fe among the
stimulated diatom-associated bacterial community.
Chapter 4 investigated how three SO diatoms (Fragilariopsis cylindrus, Pseudonitzschia arenysensis, and Thalassiosira tumida) interact with associated bacterial
communities under Fe stress. On the 2016 WAP cruise, a bacterial addback experiment
was completed with these previously antibiotic-treated diatoms under Fe-rich (+Fe) and
Fe-limited (-Fe) conditions. The two pennates F. cylindrus and P. arenysensis recruited
distinct bacterial communities from the centric T. tumida, but the +Fe and -Fe bacterial
communities were not significantly different for all three diatoms. P. arenysensis and T.
tumida -Fe transcriptomes were also generated to determine how these two SO diatoms
respond genetically to Fe stress, revealing the use of a variety of Fe and/or metal
acquisition, transport, and storage genes depending on Fe status. Bacterial
metatranscriptomes from the P. arenysensis and T. tumida cultures also revealed the
expression of the bacterial Fe-siderophore uptake system in both sets of cultures.

Ultimately, this dissertation work adds to our understanding of diatoms as important
players in the SO ecosystem by assessing their biogeography and responses to varying Fe
concentrations using molecular techniques that capture their highly diverse nature.
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INTRODUCTION
Diatoms in high nitrate, low chlorophyll environments
Diatoms are a highly diverse eukaryotic phytoplankton group that account for
40% of oceanic primary production and approximately 20% of global carbon fixation
(Nelson et al. 1995). Their growth and rate of carbon fixation are often constrained by the
availability of nutrients in the surface ocean. When nutrients are plentiful, diatoms can
achieve high growth rates and form large blooms. As the blooms become nutrientstressed, they cease growing, lose buoyancy and sink out of the photic zone to depth
(Waite et al. 1992), contributing to the biological carbon pump that is responsible for
long term, deep ocean carbon sequestration (Smetacek 1999). However, in high nitrate,
low chlorophyll (HNLC) regions, dissolved macronutrient (nitrogen, phosphorus, silica)
concentrations are high, but biomass of diatoms and other phytoplankton remain low.
HNLC regions include the equatorial Pacific Ocean, subarctic Pacific Ocean and the
Southern Ocean (SO), with the SO being the largest of these environments (Martin et al.
1989). The SO is also the largest carbon sink in the global ocean and plays a key role in
regulating global climate (Sarmiento et al. 1998).
Termed the “The Iron Hypothesis”, John Martin in 1990 speculated that
phytoplankton growth in HNLC regions is limited by iron (Fe) (Martin 1990), which is
needed as a cofactor for the proper functioning of many proteins, including the
photosynthetic apparatus (Raven 1990). Supporting this hypothesis, numerous studies
have shown that Fe is growth-limiting in HNLC waters, including bottle experiments
using Fe-amended seawater (Martin and Fitzwater 1988) and Fe fertilization experiments
of the surface ocean (summarized in de Baar et al. 2005 and Boyd et al. 2007). Model
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predictions corroborate these findings, estimating that diatom growth is especially limited
by Fe in these regions (Moore et al. 2013). Under Fe-limitation, smaller phytoplankton
such as cyanobacteria, chlorophytes and haptophytes compose the bulk of phytoplankton
biomass (Morel et al. 1991). In the SO, when Fe is exogenously supplied, either
artificially or naturally (Blain et al. 2007, Pollard et al. 2009), large diatom blooms and
carbon export are promoted (Smetacek et al. 2012). This suggests that though SO diatoms
persist in low Fe conditions, they are major players in the global carbon cycle, making
them the focus of this dissertation.
Diatom community structure and its effect on carbon export potential
A diatom community’s carbon export potential is dependent on its structure, as
diatoms differ in their cell size, morphology, and frustule (cell wall) silicification and
preference as prey by grazers (Brzezinski 1985, Smetacek et al. 2004, Assmy et al. 2013).
Some species are thus more efficient at carbon (C) sequestration than others. Highly
silicified and large diatoms, like Fragilariopsis and Thalassiothrix, have a high cellular
Si:C elemental ratio among diatoms (Brzezinski 1985) and thus play a significant role in
the global Si cycle (Smetacek 2000, Cefarelli et al. 2010). These diatoms follow a
persistence life strategy, remaining in low but constant abundance in surface waters until
losing buoyancy and sinking, yielding their classification as “silica sinkers” (Assmy et al.
2013). Less silicified species that have relatively low cellular Si:C elemental ratios, like
Pseudo-nitzschia, Thalassiosira and Chaetoceros (Brzezinski 1985, Hoffmann et al.
2007, Marchetti and Harrison 2007) often follow a boom-and-bust life strategy. These
diatoms tend to form large blooms before rapidly declining and sinking as large
aggregates (Smetacek et al. 2004, Green and Sambrotto 2006), making them “carbon
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sinkers” (Assmy et al. 2013).
In addition to the Fe-limited HNLC open ocean waters, the Antarctic continent is
surrounded by a range of marine environments with differing hydrographic and
physicochemical properties. These include nutrient-rich polynyas, or areas of open water
surrounded by ice, and dynamic coastal regions such as the western Antarctic Peninsula
(WAP) that are controlled by the annual melting and reformation of sea ice (Ducklow et
al. 2007, reviewed in Arrigo 2014, Smith et al. 2014). The productivity in these areas is
often driven by inputs of dissolved Fe from sediments, atmospheric dust inputs, sea ice
melt, and glacial melt and precipitation (Annett et al. 2017). In turn, SO diatom
community composition varies by region and is influenced by a multitude of abiotic
factors, such as temperature, salinity, light and nutrient availability (Sarthou et al. 2005,
Boyd and Hurd 2009). The diversity of diatom life histories, growth dynamics, and
responses to various environmental factors make determining their community
composition important for understanding their effects on SO biogeochemical cycling.
Southern Ocean diatom communities
Southern Ocean diatom flora has been studied via microscopy since the mid
1800s (Ehrenberg 1844). Some species are endemic to the SO, such as Thalassiothrix
antarctica, Actinocyclus actinochilus, and Fragilariopsis sublinearis (Hasle 1968). A
number of species, however, are cosmopolitan in their distribution, such as
Thalassionema nitzschioides and Nitzschia bicapitata, whose southern limits reach the
Subantarctic/Antarctic boundary (Kozlova 1962). Ten or more species each of
Fragilariopsis, Chaetoceros, Rhizosolenia, and Thalassiosira are also found in the SO
(Hasle 1968, Johansen and Fryxell 1985, Priddle and Fryxell 1985). While these studies

3

were formative for the study of diatoms as a field, species identification via microscopy
is labor intensive, requires extensive taxonomical knowledge, and often does not present
a comprehensive analysis of diatom community structure. Species within some genera of
diatoms, such as those within Thalassiosira or Pseudo-nitzschia, are unable to be
identified to species level using light microscopy (Tomas 1997, Kaczmarska et al. 2009).
Molecular barcoding approaches and high-throughput sequencing have improved
the ability to accurately determine diatoms down to genus level and, depending on the
barcoding gene used, species level (Zimmermann et al. 2011). However, the majority of
modern community composition studies using these high-throughput barcoding methods
in the ocean have not been done in high-latitude (> 60°S or 60°N) marine environments.
The studies that have include one focused on parasites and protists within WAP winter
surface water and sediments (Cleary and Durbin 2016), and several targeting Arctic
bacterial and phytoplankton communities (e.g. Kirchman et al. 2010, Lovejoy and Potvin
2011, Luddington et al. 2016). As this knowledge gap remains to be filled, identifying SO
diatom communities at a fine-scale taxonomic resolution is essential to understanding
species-specific responses to varying SO biogeochemical profiles and Fe sources.
Molecular strategies for coping with iron limitation
While the identification of diatoms in SO diatom communities is essential for
understanding ecological drivers on population structure, the characterization of the
underlying mechanisms allowing each of its community members to persist and thrive in
a low Fe environment is equally important. Iron limitation severely affects the diatom
photosynthetic apparatus. The number of photosynthetic units that can be synthesized and
the abundance of Fe-containing enzymes necessary for chlorophyll synthesis is reduced
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under Fe stress (Raven 1990, Sunda and Huntsman 1997). This results in reduced
chlorophyll content, a decrease in photosynthetic efficiency, and slower growth rates
(reviewed in Behrenfeld and Milligan 2013). The assimilation of inorganic nitrogen as
nitrate is also affected as Fe is necessary for the nitrate reductase enzyme (Timmermans
et al. 1994). To combat these effects and survive in Fe-limited environments, diatoms
have evolved mechanisms to reduce their cellular Fe requirements.
Diatoms from different regions, however, vary in both their physiological and
genetic response to Fe limitation. Oceanic species found in HNLC regions are able to
cope with Fe limitation better than coastal diatoms. In cultures with low Fe
concentrations, these diatoms are able to reach maximal or near maximal growth rates
while their coastal counterparts do not survive under these conditions (Sunda and
Huntsman 1995). HNLC diatoms often employ molecular strategies to persist in Felimited conditions. In some cases, they will switch from using the Fe-containing
ferredoxin protein, important in photosystem function, to the non-Fe-containing
flavodoxin protein substitute (Zurbriggen et al. 2008, Whitney et al. 2011). The open
ocean diatom Thalassiosira oceanica also replaces the Fe-requiring cytochrome c6 with
plastocyanin, a protein that utilizes a copper co-factor (Peers and Price 2006).
Various Fe storage strategies have been identified as well, including the induction
of the protein ferritin after Fe-enrichment to store it within the cell for times of need
(Marchetti et al. 2009). More non-specific storage or transport proteins have been
identified in diatoms that can bind two or more different substrates, such as the NRAMP
and ZIP protein families (Lampe et al. 2018). Another molecular strategy is the high
upregulation of three largely algal-specific iron starvation induced proteins (ISIPs) by a
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range of diatoms during Fe stress (Behnke and La Roche 2020). ISIP1 was first found in
the model diatom Phaeodactylum tricornutum (Allen et al. 2008), but was also induced in
T. oceanica, a species tolerant to low Fe (Lommer et al. 2012). Since then, ISIP1 and
ISIP2 have been characterized as proteins that facilitate Fe uptake in different ways,
either via mediating the endocytosis of bound Fe or direct binding of ferric (Fe3+) ions
with high affinity (Morrissey et al. 2015, Kazamia et al. 2018). ISIP3 is still largely
uncharacterized but contains a domain as part of its structure that belongs to the ferritin
superfamily, likely meaning that it plays a role in Fe storage (Behnke and La Roche
2020). Each of these substitution, storage, uptake and transport strategies have been
identified across the four major diatom classes, though some are more common within
certain lineages than others (Groussman et al. 2015, Behnke and Laroche 2020). For
example, ferritin seems to be used more often by pennate diatoms than centric species
(Groussman et al. 2015, Lampe et al. 2018). These insights can be attributed to the
expansion of diatom molecular research in the last decade, with the development of
model diatom transformation systems and the sequencing of new diatom genomes and
transcriptomes (Keeling et al. 2014, Falciatore et al. 2020).
Diatom-bacteria interactions
In addition to the implementation of their own molecular strategies, diatoms can
interact with bacteria within their phycosphere to cope with Fe stress. Diatoms have
mutually beneficial (though sometimes antagonistic) interactions with bacteria (Amin et
al. 2012, Seymour et al. 2017). As bacteria consume diatom-derived organic carbon,
diatoms gain essential vitamins and micronutrients that they cannot otherwise produce or
acquire as effectively. For example, cobalamin (vitamin B12) is often required to survive
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by eukaryotic phytoplankton, including diatoms, but is only produced by select bacteria
and archaea (Croft et al. 2005). Phytoplankton able to persist without cobalamin use it
preferentially when it becomes available (Bertrand et al. 2013), indicating cobalamin
limitation.
Similarly, SO diatoms may rely on bacterially-produced siderophores to obtain
Fe. Siderophores are organic ligands produced by bacteria that can tightly bind
exogenous Fe3+ (Martinez et al. 2000, Gledhill et al. 2004). Diatoms are not able to
produce siderophores, but instead utilize siderophore-bound Fe (Strzepek et al. 2011). To
our knowledge, this is not a direct process. For example, ISIP1 facilitates the endocytosis
of Fe-siderophore complexes for transport to the chloroplast, but does not directly bind
them (Kazamia et al. 2018). In addition, some diatoms contain a ferric reductase that can
reduce the Fe within these complexes to the more soluble but unstable ferrous (Fe2+)
form, creating a pool close to the cell that they can quickly uptake (Coale et al. 2019).
In marine bacteria that cannot produce siderophores, Fe-siderophore uptake
systems with specific outer membrane receptors are utilized as a common “pirating”
strategy to gain access to siderophore-bound Fe produced by neighboring bacteria
(Cordero et al. 2012). Homologs of siderophore uptake genes that contribute to this
system, such as specific ATP-binding cassette (ABC) transporters, have been found in
some HNLC diatoms (Cohen et al. 2018, Moreno et al. 2020) and appear to be less
common in temperate diatoms (Chappell and Jenkins, unpublished). However, Fesiderophore outer membrane receptors with direct-binding capabilities such as those
found in bacteria have not been identified in diatoms. Regardless of the mechanism by
which siderophore-bound Fe is acquired, this interaction with either tightly associated or
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free-living bacteria provides an excellent means of surviving in Fe-limited environments
(Cordero et al. 2012, Kustka et al. 2015).
Thesis motivation and outline
Despite the global importance of SO diatoms, much remains to be learned about
how they are impacted by varying Fe concentrations and its biogeochemical implications.
This is true at both the community and species-specific levels, as both lenses offer insight
into the carbon export potential of SO diatoms. Though the SO as a whole is regarded as
an HNLC region, more coastal and dynamic regions such as polynyas and the WAP
contribute significantly to global biogeochemical cycles as well (Ducklow et al. 2007,
reviewed in Arrigo 2014, Smith et al. 2014). This dissertation focuses on samples
collected during three separate SO research cruises, spanning each of these regions. As
such, this provided an important opportunity to study SO diatom biogeography, the
environmental factors affecting their community structure, and the broader implications
for SO carbon cycling. As these regions also span varying Fe gradients, from the low Fe
HNLC waters to the Fe-rich coastal areas of the WAP, the effect of Fe concentration on
diatom biogeography and community structure were of particular interest. In addition,
these research cruises enabled the design of experiments using in situ phytoplankton and
bacterial communities to further our understanding of how SO diatoms respond to
varying Fe conditions and the strategies used to mitigate Fe stress.
This dissertation research aims to 1) determine the biogeography and species
composition of SO diatom communities, 2) examine the SO diatom community’s gene
expression response to Fe enrichment, 3) delineate the Fe stress response of various SO
diatoms, and 4) investigate SO diatom-bacteria associations under Fe stress.
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Chapters 1 and 2 address aim 1, focusing on determining diatom biogeography and
community structure in the WAP, the Ross Sea Polynya (RSP) and surrounding HNLC
Antarctic Circumpolar Current (ACC) waters. For both chapters, diatom-targeted highthroughput molecular barcoding data was analyzed to determine diatom community
composition. The availability of dissolved Fe measurements and other environmental
metadata also allowed us to determine if and how abiotic factors were driving community
shifts. Chapter 1 details findings from samples collected in the RSP and ACC during a
2013 austral summer cruise. Sequences from the diatoms Fragilariopsis and Pseudonitzschia dominated most sampled areas, with Fragilariopsis sequences more prevalent
in the ACC, and Pseudo-nitzschia sequences composing the majority of those in the RSP.
In addition, both Fe and salinity were the major drivers of the diatom communities in
these regions, likely due to seasonal sea ice melt water. Chapter 2 analyzes samples
collected from two research cruises in the WAP in austral spring 2014 and 2016 to
compare the interannual and spatial variation of the diatom communities. While offshore
and inshore WAP diatom communities differed in species composition, there was little
interannual variation. Fragilariopsis sequences correlated with high DFe and Si
concentrations at inshore stations, and Pseudo-nitzschia, Cylindrotheca, and small centric
(Thalassiosira, Chaetoceros) sequences correlated with low DFe and Si concentrations at
offshore stations. Obtaining a baseline of the diatom community structure and the
potential drivers in species composition of these three different regions is necessary for
understanding SO diatom contributions to biogeochemical cycling.
Chapter 3 focused on determining the gene expression response of a SO diatom
community to Fe-amendment incubations, addressing aim 2. During the same 2016 WAP
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cruise mentioned above, a metatranscriptomic Fe-addition experiment was conducted to
determine the molecular strategies used by SO diatoms and their associated bacteria
during alleviation of Fe-limitation within their natural communities. Fe-addition elicited
varying responses by different diatom genera, with more prevalent diatoms (Chaetoceros,
Fragilariopsis, Thalassiosira, and Pseudo-nitzschia) experiencing more differential
regulation of Fe-responsive pathways and proteins. There was also some evidence of
various diatom genera expressing components of a putative Fe-siderophore uptake
system, including an Fe-siderophore outer membrane receptor protein and corresponding
ABC transporter components. In the bacterial metatranscriptome, upregulation of
siderophore uptake genes was also observed, possibly indicating increased competition
for Fe among the stimulated diatom-associated bacterial community. This
metatranscriptomics approach offers a glimpse to the molecular strategies SO diatoms
and their associated bacteria use under varying Fe conditions and highlights the need to
study these marine microorganisms within a community setting to contextualize their
physiological responses.
Chapter 4 addresses aims 3 and 4, investigating how three different SO diatoms
(Fragilariopsis cylindrus, Pseudo-nitzschia arenysensis, and Thalassiosira tumida) may
interact with their associated bacterial communities during Fe-limitation. On the same
2016 WAP research cruise, a bacterial addback experiment with these axenic (bacteriafree) diatoms under Fe-rich (+Fe) and Fe-limited (-Fe) conditions was completed. The
diatoms recruited previously known diatom-associated and siderophore-producing
bacteria. While the two pennates F. cylindrus and P. arenysensis recruited distinct
bacterial communities from the centric T. tumida, the +Fe and -Fe bacterial communities
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were not significantly different for all three diatoms. In addition, P. arenysensis and T.
tumida Fe-limited transcriptomes were generated to determine how these two SO diatoms
respond genetically to Fe stress. The transcriptomes revealed the use of a variety of Fe
and/or metal acquisition, transport, and storage genes depending on Fe status, such as
ZIP2, ZIP8, and ferritin under replete conditions and ISIP1, ISIP2, ISIP3, and NRAMP2
under limiting conditions. Bacterial metatranscriptomes from the P. arenysensis and T.
tumida cultures were also generated to determine how the associated bacterial
communities coped with Fe stress. Components of the bacterial Fe-siderophore uptake
system were expressed in both sets of cultures, with most activity attributed to transcripts
originating from bacterial taxa within the Alteromonadales order, particularly the genera
Colwellia, Glaciecola, and Shewanella. Overall, this study showed SO diatoms take an
orthogonal approach to adjusting to varying Fe concentrations, combining the use of
algal-specific ISIPs as well as more widely distributed non-specific metal transporters
(ZIPs, NRAMP) to acquire bioavailable Fe or mediate endocytosis of siderophore-bound
Fe.
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ABSTRACT
Diatoms are a group of eukaryotic phytoplankton responsible for about 40% of oceanic
primary production. Large parts of the ocean, including the Southern Ocean (SO), are
limited by the micronutrient iron (Fe) which composes a constraint on diatom growth in
particular. However, the relationship of varying Fe concentrations and overall SO diatom
community structure is unclear. Here we characterized diatom community composition
across large SO regions, including the western Antarctic Peninsula (WAP), the Ross Sea
Polynya (RSP), and the Antarctic Circumpolar Current (ACC). This was accomplished
with high-throughput sequencing of the diatom 18S rDNA V4 gene region. In most areas,
either Pseudo-nitzschia spp. or Fragilariopsis spp. composed the bulk of the sequence
data. In the WAP and RSP, Fragilariopsis cylindrus sequences were prevalent, but in the
RSP where chlorophyll a concentrations were relatively high, indicating a phytoplankton
bloom, sequences from Pseudo-nitzschia sp. were more frequent. Statistical analysis
revealed dissolved Fe (DFe) concentrations and salinity together best correlated with the
observed diatom community patterns. Community shifts were likely driven by seasonal
ice melt (salinity changes) and pulses of DFe during the RSP seasonal opening.
Corresponding HPLC pigment and FlowCam image data confirmed diatoms dominated
the regions, except in the ACC northwest of the RSP, where the haptophyte Phaeocystis
antarctica bloomed. The combination of these approaches improves our ability to capture
finer resolution community structure changes. Relating these shifts to potential
environmental drivers, such as DFe and salinity changes in this case, increases our
understanding of dynamic and globally important areas such as the SO.

22

INTRODUCTION
Diatoms are a highly diverse phytoplankton group that account for 20% of global land,
freshwater, and marine carbon fixation (Nelson et al. 1995). Their rate of carbon fixation,
and hence growth, is constrained in part by the availability of nutrients in the surface
ocean. When nutrients are plentiful, diatoms can achieve high growth rates and form
large blooms. As the blooms deplete ambient nutrients, they cease growing and sink to
depth (Waite et al. 1992), contributing to the biological carbon pump that drives long
term, deep ocean carbon sequestration (Smetacek 1999). The Southern Ocean (SO) plays
a key role in regulating global climate as it is a strong carbon sink (Sarmiento et al. 1998)
and a main site of deep water formation in the global ocean (Gille 2002, Marshall and
Speer 2012). The surface waters that form this deep water are relatively cold in
temperature and rich in nutrients, enhancing carbon dioxide dissolution and increasing
biological productivity, respectively. Carbon dioxide outgassing can occur during fall and
winter when organic matter is remineralized (Gray et al. 2018), but seasonal ice cover in
the SO substantially reduces the amount that returns to the atmosphere. Changes in the
biology of the SO can modify this carbon sink, as a change in phytoplankton growth
directly affects SO carbon uptake and sequestration (Sarmiento et al. 1998, Arrigo et al.
2008).
In high nitrate, low chlorophyll (HNLC) regions, including the equatorial Pacific
Ocean, subarctic Pacific Ocean and the SO, dissolved macronutrient (nitrogen (N),
phosphorus (P), and silica (Si)) concentrations are high, but diatom and other
phytoplankton biomass remains lower than would be predicted from these macronutrient
inventories (Martin et al. 1989). Phytoplankton growth in HNLC regions is limited by
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iron (Fe), a micronutrient necessary for photosynthetic function (Raven 1990). This was
first shown in bottle experiments with Fe-amended seawater (Martin and Fitzwater 1988)
and in numerous subsequent Fe fertilization experiments of the surface ocean
(summarized in de Baar et al. 2005 and Boyd et al. 2007). Fe-limitation of diatom growth
in extensive HNLC regions has also been shown with model predictions (Moore et al.
2004, Moore et al. 2013). In Fe-limited HNLC regions, smaller phytoplankton such as
cyanobacteria, chlorophytes, and haptophytes compose the bulk of the biomass (Morel et
al. 1991). In the SO, the largest HNLC region, Fe-stimulated diatom blooms occur both
naturally (Blain et al. 2007, Pollard et al. 2009) and through artificial fertilization and
likely result in a detrital layer rich in fixed carbon on the sea floor with long-term
sequestration times (reviewed in Beaulieu 2002). Diatom blooms stimulated by
exogenously-supplied Fe suggests that SO diatoms persist in low Fe conditions and
respond rapidly to Fe addition (Smetacek et al. 2012).
HNLC diatoms have developed various strategies for coping with low Fe
concentrations and bioavailability. These include the substitution of Fe-containing
proteins with non Fe-containing ones (La Roche et al. 1993, Doucette et al. 1996, Peers
and Price 2006) and the ability to take up and store Fe for later use (Marchetti et al.
2009). However, these strategies are species-specific and dependent upon the regions
where the diatoms are found. To better develop a predictive understanding of how
specific diatoms persist in and vary their responses to Fe stress conditions, it is important
to determine how diatom community composition relates to Fe gradients in HNLC
systems like the SO.
Furthermore, a diatom bloom’s carbon export potential, while constrained by
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nutrient availability, is also dependent on its community structure. Diatoms differ in their
cell size, morphology, frustule silicification, and likelihood to be grazed (Brzezinski
1985, Smetacek et al. 2004, Assmy et al. 2013), making some species more efficient at
carbon export than others. Large diatoms with a higher Si:C elemental ratio in
comparison to diatom averages, such as Fragilariopsis and Thalassiothrix (Brzezinski
1985), play a significant role in the global Si cycle (Smetacek 2000, Cefarelli et al. 2010).
These diatoms commonly persist in low but constant abundance in surface waters until
losing their neutral buoyancy and sinking to deeper waters, yielding their classification as
“silica sinkers” (Assmy et al. 2013). Less silicified species with relatively low cellular
Si:C elemental ratios, like Pseudo-nitzschia, Thalassiosira, and Chaetoceros (Brzezinski
1985, Hoffmann et al. 2007, Marchetti and Harrison 2007), often follow a boom-and-bust
life strategy. These diatoms tend to form large blooms before rapidly declining and
sinking as large aggregates (Smetacek et al. 2004, Green and Sambrotto 2006), making
them “carbon sinkers” (Assmy et al. 2013). The range of diatom life histories, growth
dynamics, and contribution to carbon export make determining diatom community
composition important for understanding their effects in the globally significant SO.
The Antarctic continent is surrounded by a range of marine environments with
differing hydrographic and physicochemical properties. This includes the Fe-limited
HNLC open ocean waters, nutrient-rich polynyas, and seasonally ice-covered coastal
regions (Ducklow et al. 2007, reviewed in Arrigo 2014, Smith et al. 2014). In turn,
diatom community composition varies by region and is influenced by a multitude of
abiotic factors, including temperature, salinity, and nutrient availability (Sarthou et al.
2005, Boyd and Hurd 2009). However, few modern molecular studies of diatom
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community composition have been conducted in southern high-latitude (>60°S)
environments. One study focused on parasites and protists in general within western
Antarctic Peninsula (WAP) winter surface water and sediments (Cleary and Durbin
2016). Another focused on eukaryotic plankton community composition in the WAP and
how it relates to net community production, finding that as few as two to three abundant
representative species sequences explained a significant portion (76-92%) of the spatial
variability in the carbon export potential (Lin et al. 2017).
In this study, molecular barcoding and high-throughput sequencing were used to
identify solely diatoms, regardless of lineage. Diatom community structure was assessed
in three different SO regions, including the WAP, Ross Sea Polynya (RSP), and
surrounding Antarctic Circumpolar Current (ACC) waters to encompass the varying
diatom biogeography of the SO. Samples from an early austral summer research cruise
were analyzed with diatom-targeted primers (Zimmermann et al. 2011) that amplified the
highly variable V4 region of the eukaryotic 18S rDNA gene, which has been used to
barcode various protistan genera (Pawlowski et al. 2012). We also strived to determine
the environmental drivers (temperature, salinity, phytoplankton biomass, DFe, nitrate,
phosphate, or silicate) that best explain the observed diatom community shifts.
METHODS
NBP13-10 DNA sample collection
Samples were collected on an austral summer research cruise from Punta Arenas, Chile to
Hobart, Tasmania, with sampling stations in the WAP, RSP and ACC (Figure 1). The
cruise was from 23 November 2013 to 20 January 2014 on the R/V Nathaniel B. Palmer
(NBP13-10), as part of the project Adaptive Responses of Phaeocystis Populations in the
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Antarctic Ecosystem (Phantastic I). Biomass samples were collected from surface
seawater samples taken from the ship’s underway system (intake at about 10 m) and
designated an underway (UW) station number. Seawater from UW samples was gently
filtered through 0.2 μm Sterivex filters with a peristaltic pump. Depending on biomass
levels at each sampling area, 0.5 - 20 L of surface seawater was filtered. In total, 60 UW
samples were collected in this manner and later sequenced (UW1-60). Samples were
flash-frozen in liquid nitrogen and stored at -80˚C until DNA extraction using a MoBio
Powersoil kit.
Environmental metadata collection
Of the 60 UW samples that were sequenced, 36 were from stations (Table S1) in which a
conventional and/or trace metal clean conductivity, temperature, and depth (CTD)
instrument was used to take additional environmental measurements (salinity,
temperature, photosynthetically active radiation (PAR), and fluorescence). This included
11 CTD casts in the Antarctic Circumpolar Current (ACC) before entering the Ross Sea
(ACC: Pre-RSP; Figure 1, Table S1), 17 casts in or around the Ross Sea Polynya (RSP,
Figure 1, Table S1), and 8 casts in the ACC after exiting the RSP (ACC: Post-RSP;
Figure 1, Table S1). Water collected from Niskin bottles attached to the CTD-Rosette at
10 m from these casts was also used to measure Chlorophyll a (Chl a), phytoplankton
pigments, macronutrient concentrations (nitrate, phosphate, silicate), and DFe
concentrations for most of the main stations. The remaining 24 samples were taken in
between stations throughout these three regions (Figure 1, Table S1), starting from the
Drake Passage and ending south of Tasmania, and only have the corresponding surface
underway data available (salinity, temperature, fluorescence and PAR). Only those
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stations with full suites of environmental measurements, including DFe, were used for the
BEST analysis described below (32 stations in red on Figure 1; Table S2).
For Chl a measurements and phytoplankton pigment analysis, seawater was
filtered through Whatman glass-fiber filters (diameter of 25 mm and nominal pore size of
0.7 μm) using low vacuum pressure. Chl a samples were collected in triplicate, extracted
in 5 mL of 90% acetone at 4˚C in the dark for 24 hours, and read on a Turner Designs
fluorometer before and after acidification. Filters for phytoplankton pigment analysis
were immediately flash-frozen in liquid nitrogen and stored at -80˚C until ready for high
performance liquid chromatography (HPLC) analysis. For HPLC analysis, filters were
freeze dried for 48 hours and extracted in 90% acetone at 4 °C in darkness for an
additional 48 hours. Pigments were resolved on a Waters 2695 separation module with a
Zorbax Eclipse extra dense bonding (XDB) C8 3.5 μm column (Agilent Technologies) as
in Van Heukelem and Thomas 2001. Peaks were manually identified and quantified
(Waters 996 photodiode array detector) using standards (DHI LAB products). Taxonomic
groups were assessed using CHEMTAX (Mackey et al. 1996) with starting pigment
ratios of diatoms, haptophytes, chlorophytes, cryptophytes, and dinoflagellates. For
nutrient analysis, filtrate for each sample was collected and stored at -20˚C for nitrate and
phosphate analysis and 4˚C in the dark for silicate analysis. Water for DFe measurements
was collected and processed using trace metal clean methods as described in Gerringa et
al. 2015. Briefly, samples were filtered using a Sartorius Sartobran P 300 0.2 μm filter
capsule and DFe concentrations were measured on board using an automated Flow
Injection Analysis method (Klunder et al. 2011).
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FlowCam data collection
As a visual validation of the diatom community structure, FlowCam (Fluid Imaging
Technologies, Inc.) data were also taken onboard NBP13-10. All images described herein
were taken at 40x magnification, giving a size range of about 10 to 2500 μm. Samples
were collected at 10 m during conventional CTD casts, pre-filtered using 300 μm Nitex
mesh and run (not concentrated) using a 300 μm flow cell. The FlowCam was focused
manually using COUNT-CAL Particle Size Standard 50 μm beads (Thermo Scientific)
and the flow cell was flushed with Milli-Q water before use. Samples were run until a
minimum of 1000 images were taken, which required ~1-25 mL and most commonly ~10
mL. The FlowCam image data were processed using ZooProcess (Gorsky et al. 2010) and
imported into EcoTaxa (Picheral et al. 2017), where an algorithm was used to classify the
data initially. The taxonomic classifications were then manually checked and corrected if
needed. Note that the FlowCam data discussed here are solely based on number of
images and is not meant to be used as a measure of cell counts or biovolume. A FlowCam
image can contain a single cell in non-colonial or chain-forming taxa, such as Corethron
spp., or contain all or part of a colony (e.g., P. antarctica) or chain (e.g., Chaetoceros
spp.). Pigment data is quantified as relative abundance, so to best compare pigment and
image data, relative abundance of number of images is used. Although not a perfect
comparison, this is the best possible method of relating the two distinct data types.
Molecular barcoding
From all UW samples, diatom-targeted primers were used to PCR amplify the highly
variable V4 region of the 18S rDNA gene. D512 5’-TCG TCG GCA GCG TCA GAT
GTG TAT AAG AGA CAG ATT CCA GCT CCA ATA GCG-3’ was used for the

29

forward primer and D978 5’- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG
ACA GGA CTA CGA TGG TAT CTA ATC-3’ for the reverse (includes MiSeq adapters;
underlined portions from Zimmermann et al. 2011). Each reaction contained 1x Bioline
BIO-X-ACT Short Mix (Bioline USA Inc., Taunton, MA, USA), 0.5 μM of each primer,
2-8 ng of template DNA, and DEPC treated water to a total volume of 25 μL. The PCR
regime used included an initial denaturation step of 5 minutes at 95 ˚C, followed by 32
cycles of 60 seconds at 95 ˚C, 60 seconds at 61.8 ˚C, and 30 seconds at 72 ˚C, and a final
extension step for 10 minutes at 72 ˚C. PCR products were purified using the Qiagen
QIAquick Purification Kit (Qiagen, Germany) followed by visualization on a 1.2%
agarose gel. High-throughput 2x250 bp paired-end sequencing was performed using an
Illumina MiSeq Reagent Kit v3 (600 cycle) by the Rhode Island Genomics Sequencing
Center. In total, 100,000 to 500,000 reads were obtained per sample.
Bioinformatic analysis
Quality control of the sequences was done using the Illumina Utilities library (Eren et al.
2013). The iu-merge-pairs script with the –enforce-Q30-check flag was used to merge
read pairs (implementing the quality filtering suggestions outlined in Minoche et al.
2011). This generated about 6.5 million quality filtered merged reads. Minimum Entropy
Decomposition (MED; v. 1.7), a novel clustering algorithm based on Shannon entropy
for finer resolution (Eren et al. 2014), determined the number of nodes (i.e. amplicon
sequence variants or ASVs) and their percent composition within the dataset. MED
default parameters were used except for the minimum substantive abundance of a node (M) that was set to 1,000. A representative sequence for each node was given as an MED
output and used for comparison to the complete NCBI BLAST database for taxonomic
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assignment. An exact and unique match to the query sequence was necessary for specieslevel determination. If there were exact matches to multiple species within the same
genus, the genus-level designation was used. The node representative sequences were
also taxonomically assigned using the BLAST+ method in QIIME2 v. 2018.2 (Bolyen et
al. 2019) with the SILVA v. 128 (Quast et al. 2013) and PR2 v. 4.7.1 (Guillou et al.
2013) databases for verification or if neither species nor genus-level designation was
possible. For higher level taxonomy, the classification system described in Medlin and
Kaczmarska 2004 was used. As the primers used were diatom-targeted (Zimmermann et
al. 2011), 212 of the 243 nodes identified by MED were diatom in origin. The remaining
31 nodes identified as non-diatom were not removed from the dataset for statistical
analysis, as each of these nodes composed on average only <1.8% of the sequence data
per sample, with most (26 out of 31) composing <0.3% of the sequence data.
Statistical analysis
All statistical analysis was completed in PRIMER-E v. 7.0.13 (Clarke et al. 2014). The
biotic data was utilized as a non-transformed relative abundance matrix of the 243 nodes
determined by MED to be present within the dataset. A resemblance matrix was produced
for the relative abundance matrix (not transformed before analysis) using Bray-Curtis
similarity coefficients. From this, a cluster dendrogram using the “group average” mode
of clustering and non-metric Multidimensional Scaling plots (nMDS) were created. A
BEST analysis with the BIOENV algorithm (Clarke and Ainsworth 1993) was used to
determine which environmental variable(s) best explained the observed diatom
community patterns based on molecular barcoding data. Of the 60 total UW 18S V4
barcoding samples, 32 were selected for comparison to environmental variables (Figure
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S1) because they corresponded to the NBP13-10 CTD stations where full suites of
environmental data, including DFe, were obtained. The environmental measurements
used for the BEST analysis include salinity, temperature, surface PAR (light intensity),
macronutrient concentrations (phosphate, nitrate, silicate), DFe, and Chl a, all at 10 m. A
stratification index was also included that was calculated as the difference in potential
density between 10 m and 200 m at each CTD station. The Spearman rank correlation
method was used with the D1 Euclidean distance as the resemblance measure for the
BEST analysis. Permutation tests (with 999 permutations) were run to determine
significance.
RESULTS
Hydrographic and physiochemical properties
The first portion of the cruise covered stations sampled from 23 November to 3
December 2013 (stations 1-12; Figure 1, Table S1) along the shelf break of the Western
Antarctic Peninsula (WAP) and inshore to Rothera Station. Limited environmental data
(water temperature and salinity) are available (Table S2) as this portion of the cruise was
sampled solely from the research vessel’s underway sampling system.
The Pre-Ross Sea Polynya (RSP) transect covered stations sampled in the
Antarctic Circumpolar Current (ACC) from 5-19 December 2013 (stations 13-23; Figure
1, Table S1) before the vessel entered the RSP. Stations were sampled along the 65 ºS
latitude until breaking ice and heading south at 150 ºW toward the RSP, where colder,
saltier water was encountered (Figure S2, Table S2). In addition, all Pre-RSP stations
were positively correlated with PAR and negatively correlated with temperature (Figure
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S3A). Together, the relatively low temperature, salinity, and DFe values indicate the
presence of Winter Water (WW) (Tomczak and Godfrey 2003).
Post-RSP stations were sampled in and around the ACC from 7-20 January 2014
(stations 44-60; Figure 1, Table S1), while exiting the RSP (Figure S2). Combined, the
temperature and salinity values indicate the presence of WW and possibly Antarctic
Surface Water (AASW), with the more northern stations (> 65 ºS) experiencing some
surface warming (> 0 ºC; Table S2). Post-RSP stations further south and closer to the sea
ice edge (Figure S2) were particularly influenced by sea ice melt water, with salinity
remaining below 33.5. The Post-RSP stations were also positively correlated with
stratification (Figure S3A). DFe concentrations remained low in this region at 0.04 to
0.25 nM (Table S2). The macronutrient concentrations in both Pre-RSP and Post-RSP
stations remained high (Table S2), with some variability in silicate within Pre-RSP
stations. Overall, stations 14-18 were more strongly correlated with DFe and stations 1923 and all Post-RSP stations with phosphate and nitrate (Figure S3B).
The RSP was sampled from 21 December 2013 to 5 January 2014 (stations 24-43;
Figure 1, Table S1). Two transects were sampled in the RSP, first in the central polynya
(stations 26-32) and then in the western part of the polynya (stations 34-40). Some
surface warming was evident in the central transect, but this was more apparent in the
western transect, especially at stations sampled in the northwest section of the polynya
(Table S2). Salinity was lower in the western transect surface waters compared to the
central transect, especially in more northwest stations (Table S2), indicating the input of
some sea ice melt water. The central transect was therefore more strongly positively
correlated with salinity and the western transect with temperature (Figure S3A). While
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the stations in both transects had weakly stratified water columns, the central transect
stations were slightly more stratified than the western transect stations (Table S2, Figure
S3A). In general, the RSP also had low DFe and high macronutrient concentrations at the
surface (Table S2).
Phytoplankton abundance and community composition
Diatoms and Phaeocystis dominate the phytoplankton community
HPLC-CHEMTAX and FlowCam image data showed that the phytoplankton community
was predominantly composed of a mixture of diatoms and the haptophyte Phaeocystis
antarctica with some notable exceptions (Figure S4). In Pre-RSP stations, diatom
pigments were relatively more abundant than haptophyte pigments in most stations along
the 65 ºS latitude (stations 14-18). However, there was an overall increase in the relative
abundance of P. antarctica at stations surrounded by sea ice as the ship moved south and
entered the RSP (stations 19-23). FlowCam image data corroborated the increase in P.
antarctica, although the ratio of diatoms to P. antarctica in image data was higher than
the pigment data in nearly all Pre-RSP stations (Figure S4). The pigment data also
captured an increase in green algae within these stations that the FlowCam could not
reliably identify (Figure S4). In general, the phytoplankton biomass throughout the PreRSP stations was quite low, with an average chlorophyll a concentration of 0.709 µg/L
(Table S2, Figure 2).
Within the RSP, pigments associated with diatoms dominated most stations,
although haptophytes were the second most abundant phytoplankton group in nearly all
stations (Figure S4A). A small percentage of green algae, cryptophytes, and
dinoflagellates were observed within the RSP stations, but never more than 15% of
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chlorophyll a by CHEMTAX estimates. In stations closest to the Ross Sea Ice Shelf
(stations 36-40), a slight increase in P. antarctica abundance was observed in both the
pigment and FlowCam data. There were discrepancies between FlowCam and
CHEMTAX analysis, notably at stations 24-26, where the FlowCam data showed a larger
ratio of P. antarctica to diatoms while the pigment data indicated the opposite. Moreover,
at station 29, the pigment data showed an even mix of P. antarctica and diatoms, while
the FlowCam data showed diatoms dominating (Figure S4). Despite these discrepancies,
both datasets showed diatoms completely dominated stations 34 and 35. Overall, the
western RSP transect (stations 34-40) had a higher ratio of diatoms to P. antarctica than
the central RSP transect (stations 26-32). Throughout all RSP stations, the phytoplankton
biomass remained high, with an average chlorophyll a concentration of 4.17 µg/L and a
peak of 6.51 µg/L at station 34 (Table S2, Figure 2), suggesting a diatom-dominated
bloom.
At Post-RSP stations 44-52, the relative abundance of diatoms decreased while
haptophytes increased in both datasets (Figure S4). By station 52, haptophytes composed
100% of the phytoplankton community by CHEMTAX estimates and accounted for
about 80% of the FlowCam image data. An increase of chlorophyll a concentrations from
0.22 µg/L at station 44 to 5.89 µg/L at station 48 (Figure 2) suggested a dense bloom of
P. antarctica had developed. Despite this, both the FlowCam and the molecular
barcoding method allowed for the detection of diatom species in samples taken at these
stations (Figure S5).

35

Diatom community composition
General trends
Overall, 243 18S V4 sequence nodes were determined across the 60 UW stations. The
nodes most commonly represented in this dataset correspond to the following species, in
decreasing order of their average percent abundance of sequence reads: Fragilariopsis
cylindrus (node 4640; 22%), Pseudo-nitzschia sp. (node 4644; 13.7%), Fragilariopsis sp.
(node 4245; 7.5%), Thalassiosira oestrupii (node 3832; 4.2%), Mediophyceae (polar
centric; node 3738; 3.0%), Fragilariopsis sp. (node 3508; 2.8%), Fragilariles (araphid
pennate; node 3032; 1.9%), and Bacillariophyceae (pennate; node 2764; 1.8%).
Sequences from these eight diatom taxa composed more than 50% of the sequence data in
the majority of the samples (Figure 2). Of the top 25 nodes, 21 were taxonomically
assigned to diatoms, 3 to a marine stramenopile (MAST), and 1 to a ciliate. On average,
the top 25 nodes composed of about 70% of the sequence data. This supports the
assertion of Zimmerman et al. (2011) that the primer pair used herein is diatom-targeted.
In general, samples taken in similar conditions (either open water, surrounded by
ice, or bloom conditions) clustered together (Figure 3). In addition, RSP bloom samples
were more similar to each other in species composition than either ACC: Pre-RSP or
Post-RSP samples, which clustered together. This is likely because Pseudo-nitzschia sp.
(node 4644) composed the bulk of the sequence data in the RSP samples (Figures 2, 3).
The 32 samples used for BEST analysis grouped into four clusters when a similarity of
approximately 60% was used (Figure S6). These clusters were generally correlated with
the sample region (Figure S1). Cluster 1 includes samples from the beginning of the
ACC: Pre-RSP, clusters 2 and 3 are composed entirely of samples from the RSP, and
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cluster 4 contains samples from the ACC: Post-RSP and end of the ACC: Pre-RSP.
Cluster 4 also included 11 out of the 12 stations that were ice-covered. Clusters 2 and 3
were not exclusively composed of western or central transect stations, with each cluster
including both types of stations.
The Antarctic Circumpolar Current
At the ACC: Pre-RSP (stations 14-23), there was a shift from T. oestrupii (node 3832) to
F. cylindrus (node 4640) along the east-west transect (Figure 3). At station 17, T.
oestrupii accounted for 50% of sequence data but its contribution to the diatom
community declined to 0.6% at station 19. As the ship moved toward the RSP, the
Fragilariopsis community changed from coexistence of three different types of
Fragilariopsis spp. (nodes 4640, 4245 and 3508) at the inshore stations to sequences
from F. cylindrus becoming dominant at the offshore stations. F. cylindrus represented
7% of the diatom community sequences at station 18 and increased to 61% at station 22.
Meanwhile, Fragilariopsis sp. (node 3508) decreased from 16% (station 16) to 0.9%
(station 20). Fragilariopsis sp. (node 4245) increased from 0.6% (station 17) to 9%
(station 20), and otherwise remained below 5% of the diatom community across all ACC:
Pre-RSP stations.
The ACC: Post-RSP (stations 44-52) diatom community composition was
dominated by two Fragilariopsis spp., with F. cylindrus prevalent at the start of the
bloom and Fragilariopsis sp. (node 4245) dominating near the end (Figure 3). When
entering the region (station 44), F. cylindrus represented 49% of the sequence data and
fell 16% further north (station 52). Fragilariopsis sp. (node 4245) rose from 1.9%
(station 44) to a high of 49% (station 52), when F. cylindrus was at its lowest.
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The Ross Sea Polynya
Sequences derived from Pseudo-nitzschia sp. (node 4644) were the most
dominant in samples from the RSP (stations 24-40; Figure 3). In the central transect,
Pseudo-nitzschia sp. sequences accounted for 11-57% of the diatom community,
depending on the station, and increased to 14-72% in the western transect. Pseudonitzschia sp. abundance decreased to 11% at station 32, which was the northernmost
station of the central transect. F. cylindrus replaced Pseudo-nitzschia sp. as the most
abundant diatom at this station with an abundance of 34%, coinciding with the F.
cylindrus peak within the RSP (Figure 3). Pseudo-nitzschia sp. reached its highest
abundance (72%) at the northernmost station in the RSP and at the beginning of the
western transect (station 33). At the same station, F. cylindrus amounted to a minimum of
1% within the RSP.
Sequences from other diatom taxa were in much lower abundances throughout the
RSP. Of note, Fragilariopsis sp. (node 4245) remained between 0.2 to 12% of the
dataset, only proportionally decreasing when Pseudo-nitzschia sp. was highly abundant.
Like F. cylindrus, Fragilariopsis sp. (node 4245) was at its lowest abundance (0.2%) at
station 33, where Pseudo-nitzschia sp. peaked. T. oestrupii remained low but constant
throughout both RSP transects, representing between 0.2 to 5% of the diatom community.
Diatoms sequences that were unclassified at the species level corresponding to
Mediophyceae (polar centric; node 3738) represented <1% of the diatoms for the
majority of the stations of the central transect. In the western transect, this node increased
at stations further south, reaching a maximum of 17% at station 37.
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Comparison of FlowCam image data to 18S V4 barcoding
The FlowCam diatom images were used as a means of visual validation of the 18S
sequence data. Many of the diatoms that passed through the instrument were
morphologically resolvable to the genus level. However, some diatoms could only be
distinguished at a broad classification level (pennate or centric). At this classification
level, the FlowCam image data corroborated the molecular barcoding data (Figure S5A,
B). For example, in ACC: Pre-RSP stations (14-23), both the molecular barcoding data
and FlowCam image data showed a larger ratio of centric to pennate diatoms than in RSP
stations (24-43). In ACC: Post-RSP stations (44-60), however, the FlowCam data showed
a much larger ratio of centric to pennate diatoms than indicated by molecular barcoding.
Overall, the FlowCam showed a higher centric diatom population than the molecular
barcoding method.
On the genus level, both datasets indicated the presence of Pseudo-nitzschia,
Fragilariopsis, Thalassiosira, Chaetoceros, Corethron, and Asteromphalus (Figure S8C,
D). While the datasets matched in terms of presence-absence, there were several
discrepancies. The molecular barcoding method indicated an increase in Pseudo-nitzschia
within the RSP that was not observed by FlowCam, however the FlowCam indicated a
general increase in pennate diatoms in the RSP, many of which were not identifiable past
this general classification (darkest blue bars in Figure S5D). In addition, the FlowCam
data showed that Chaetoceros composed a large portion of the diatom community in
ACC: Pre-RSP and Post-RSP stations and that Corethron increased in Post-RSP stations.
In contrast, a large portion of the 18S V4 sequence data showed Thalassiosira and
Fragilariopsis in Pre-RSP stations and Fragilariopsis in Post-RSP stations, with
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Chaetoceros and Corethron comprising a small portion of the sequence data in both
regions.
The only diatom classified to species level from the FlowCam data was Nitzschia
longissima. This was a genus visualized in the FlowCam, amongst others (Nitzschia,
Navicula, Proboscia, Amphiprora and Dactyliosolen) that the molecular barcoding
method failed to detect or possibly distinguish from other genera (Figure S5D). The 18S
V4 sequence data in contrast may delineate species that are grouped together by visual
taxonomy. For example, within the top 25 ASVs, there are multiple ASVs that classify to
the same genus, including 4 Pseudo-nitzschia, 4 Fragilariopsis, 2 Thalassiosira, 2
Chaetoceros, and 2 Corethron (Figure S5C). As the sequence data yielded better species
resolution within multiple diatom genera, the top 25 ASVs from this dataset was used for
the remaining analyses.
Salinity and DFe explain the diatom community data
BEST analysis determined salinity and DFe together were the two main environmental
variables that best explained the diatom sequence community composition patterns
observed across the three regions, with a Spearman rank correlation value of 0.520 (Table
1). Salinity alone, with a correlation value of 0.508, was the next highest factor
contributing to the observations. Permutation tests corroborated the significance of these
correlation values. DFe by itself did not significantly explain the variance (correlation
value: 0.148) (Table 1).
Superimposing the magnitude of the DFe and salinity values on the nMDS plot of
the diatom community composition between the different stations illustrated the linkage
between DFe concentrations and salinity and community structure (Figure 4A, C, D).
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When chlorophyll a concentrations were mapped onto the same nMDS plot, RSP stations
had higher chlorophyll a and lower DFe values relative to stations from the two ACC
regions (Figure 4B, C). RSP stations also had relatively high salinity values, while the
inverse was true for the ACC stations that grouped together (Figure 4D).
The RSP data were split into two clusters
Across the sampling, sequences from Pseudo-nitzschia sp. (node 4644) and
Fragilariopsis cylindrus (node 4640) were most prevalent, especially in the RSP. An
nMDS plot with F. cylindrus and Pseudo-nitzschia sp. relative abundance data scaled
illustrates the differences between clusters 2 and 3 from the RSP (Figure 5). Cluster 2
samples were each composed of more than 30% Pseudo-nitzschia sp. sequences, while
cluster 3 samples contained less than 30% Pseudo-nitzschia sp. sequences and a larger
fraction of F. cylindrus sequences. Combined, Pseudo-nitzschia sp. and F. cylindrus
sequences accounted for at least 33% of each sample from RSP stations. The cluster 2
samples coincided with slightly lower salinity (Figure 4D) and higher temperature.
However, the two clusters did not differ significantly in DFe values (Figure 4C).
DISCUSSION
The three regions that were sampled had varying hydrographic and physiochemical
properties. In the ACC: Pre-RSP, lower temperatures and reduced salinity values were
observed, indicating the continued presence of Winter Water during the early summer
season. In the RSP, salinity was slightly higher in the central transect versus the western
transect. Some surface warming (> 0 ºC) was evident in the central transect, resulting in a
weakly stratified water column. This surface warming was more evident in the western
transect, especially at stations sampled in the northwest section of the polynya, indicating
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the presence of Antarctic Surface Water. In the ACC: Post-RSP, sampling was completed
during the peak of austral summer and the more northern stations (i.e. north of 65 ºS)
experienced some surface warming. Unlike the Pre-RSP and RSP stations, all Post-RSP
stations were positively correlated with the stratification index. This is likely due to the
influence of sea ice melt water that was present later in the summer season (midJanuary). Stations further south and closer to the sea ice edge were more influenced by
sea ice melt water, with salinity remaining below 33.5.
Diatoms dominate in more stratified waters
Diatoms are key players within a broader SO community composed of different
phytoplankton groups, including green algae (chlorophytes and prasinophytes),
haptophytes, cryptophytes, and dinoflagellates (Buck and Garrison 1983, Wolf et al.
2012). It is not surprising, however, that diatoms and the haptophyte P. antarctica
composed the majority of the phytoplankton community. This is common throughout
Antarctic waters during the austral spring and summer seasons (El-Sayed et al. 1983,
Smith et al. 1996). Diatoms dominated HPLC pigment and FlowCam image data at most
Pre-RSP stations, with the exception of those closest to the RSP that had a larger
proportion of P. antarctica. In the RSP, the western transect was composed of a higher
ratio of diatoms to P. antarctica than the central transect. These broad patterns of diatom
and P. antarctica distribution may be explained by distinct hydrographic and
physiochemical properties of the sampling regions. Locations along the western transect
experienced relatively more surface warming and lower salinity values were recorded in
its surface waters, likely due to higher sea ice melt. This resulted in a slightly more
stratified water column than was observed in the central transect and an environment
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better suited to diatom growth. This matches previously observed patterns of the Ross
Sea, in which diatoms are dominant in highly stratified waters while P. antarctica is more
highly abundant in deeper mixed layers (Arrigo et al. 1999, Goffart et al. 2000). This
pattern is not as clear in the Post-RSP stations, which were all strongly correlated with
the stratification index. Of the six Post-RSP stations, two were dominated by P.
antarctica and four by diatoms.
Interpretations of amplicon data are qualitative as 18S rDNA gene copy number varies
widely in diatoms
Treatment of diatom community composition from rDNA amplicon data is relevant for
comparing shifts in assemblages rather than an absolute quantitative measure of
abundance as the rDNA gene copy number varies between diatoms, even within the same
genus (Zhu et al. 2005). For example, in a study of Skeletonema species in Narragansett
Bay, the 28S large subunit (LSU) rDNA copy number varied by as much as 20-fold
between different Skeletonema species (Canesi and Rynearson 2016).
This invariably means that 18S rDNA high-throughput sequencing data must be
used as a measure of qualitative abundance. The data herein are therefore described as
“percent of sequence reads” rather than “percent of diatom population”. Although limited
in species-level delineation, we include pigment and FlowCam data from each region
sampled as validation for our findings. The invaluable utility of 18S rDNA amplicon
sequencing data is for measuring change in the community composition, particularly
within species and to link environmental factors to these changes.
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Observed diatoms are typical of the regions
The distinct hydrographic and physiochemical properties of the three regions were
ultimately reflected in the diatom community composition. At ACC: Pre-RSP stations,
diatoms such as T. oestrupii (node 3832), F. cylindrus (node 4640), and Fragilariopsis
sp. (node 3508) composed the bulk of the sequence data. In the RSP, the diatom
community was composed mainly of Pseudo-nitzschia sp. (node 4644) and F. cylindrus.
The western transect of the RSP was represented mainly by Pseudo-nitzschia sp. within
the sequence data, while the central transect was represented by a mixture of Pseudonitzschia sp. and F. cylindrus. The ACC: Post-RSP stations were well represented by
sequences matching F. cylindrus and a second Fragilariopsis species (node 4245).
The diatom communities that were sequenced are typical for the three regions that
were sampled. The prevalence of F. cylindrus in both of the ACC regions is expected. F.
cylindrus is a sea-ice diatom that is well-documented to be a spring and summer species
throughout the Southern Ocean (Kang and Fryxell 1992, Kang et al. 2001, Cefarelli et al.
2010). Furthermore, most of the stations where F. cylindrus was highly abundant were
located in or around ice at the time of sampling (Figures 2, S2). It is possible that as the
sea ice melted, likely due to irradiance-induced surface warming, F. cylindrus was
released from the ice and relieved of its winter light-limitation, allowing it to flourish
(Lizotte 2001). A different Fragilariopsis species, node 4245, is prevalent at the same
stations as F. cylindrus, albeit in relatively lower abundance.
Thalassiosira oestrupii was prevalent in relatively high abundance in the ACC:
Pre-RSP along the 65 ºS line before sampling further south into the sea ice. This is
congruent with Thalassiosira oestrupii being primarily an open-ocean dweller (Fryxell
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and Hasle 1980). The Thalassiosira genus is quite common in the austral summer and
autumn and some species have the potential to form large blooms (El-Sayed 1971).
A large bloom of Pseudo-nitzschia sp. was present in the RSP, supported by the relatively
high chlorophyll concentrations (4.17 ± 1.23 µg/L on average) and high abundance of
pennate diatoms in the FlowCam image data. There have been multiple reports of
different Pseudo-nitzschia spp. flourishing in Southern Ocean regions, specifically in the
RSP, Weddell Sea, and Terra Nova Bay regions (Andreoli et al. 1995, Bertrand et al.
2007, Almandoz et al. 2008). Pseudo-nitzschia are often coastal species that can quickly
take advantage of the upwelling of nutrients due to vertical mixing (Bates et al. 1998,
Trainer et al. 2012). This gives them an advantage in polynyas, such as the RSP, where
ice cover prevents phytoplankton growth until katabatic winds create an open water
region surrounded by ice and drive upwelling of the water as the polynya is formed.
Reconciling differences between 18S V4 barcoding and FlowCam methods
There were some discrepancies between the 18S V4 barcoding and FlowCam image
datasets, the most notable being the tendency of the 18S V4 barcoding method to
underestimate the centric diatom population. Several methodological differences could
explain this. Most notably, the 18S rDNA copy number may be different between
pennate and centric diatoms, leading to an overrepresentation of pennate diatoms within
the 18S V4 sequence data. While there have been some studies delving into the
differences of 18S copy number among different phytoplankton (Zhu et al. 2005, Godhe
et al. 2008), a comprehensive study of the differences between pennate and centric
diatom 18S copy numbers has not been conducted. It is important to take these
differences into account as high-throughput sequencing of environmental samples
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continues to increase. Alternatively, if the pennate diatoms detected in the sequence data
are small, they may not be well resolved on the FlowCam with the 300 µm flow cell as
cells smaller than 20 µm are not well resolved.
In addition, there were differences in how the samples used for the two methods
were collected. The samples used to generate FlowCam images were collected at 10 m
from a Niskin bottle, while due to volume requirements the samples used for molecular
barcoding were collected from the ship’s surface underway system (~5-6 m depth). It is
possible the diatom populations found between the two depths are slightly different,
leading to discrepancies between the two datasets. Some mismatches between the
FlowCam and barcoding datasets could also be explained by misclassifications of closely
related and/or morphologically similar species. Nitzschia longissima, for example, is
difficult to distinguish from Cylindrotheca closterium at the 40x magnification level at
which cells were imaged. While Nitzschia was not found among the 25 ASVs that
composed the bulk of the sequence data, a Cylindrotheca ASV was detected.
Despite these incongruities, these methods are useful in their own respects and are better
used to complement each other instead of separately. FlowCam imaging is useful for real
time data on phytoplankton community composition, can inform time-sensitive
experimental setups, and has higher throughput than light microscopy. Molecular
barcoding is sensitive enough for species level detection and, as shown here, can identify
multiple ASVs within a single genus. This information can be used to identify
ecologically-relevant diatom isolates from the field and study species-specific responses
to varying environmental conditions.
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High chlorophyll a despite low DFe
Although there was a Pseudo-nitzschia sp. bloom in the RSP, this region had extremely
low surface level DFe, with concentrations as low as 0.02 nM. This is perhaps
counterintuitive to the notion that Fe-limited regions have low chlorophyll
concentrations. However, as sampling occurred when the bloom had formed, it is
expected that nutrients, including DFe, would be drawn down. This would explain a low
DFe signature once the available Fe was taken up and the diatoms were already in midlate bloom (Wells 2003). Confirmation of this nutritional status would require analysis of
cellular Fe requirements to confirm that Pseudo-nitzschia sp. in the bloom contained high
levels of cellular Fe compared to when Fe-limited (Harrison 1986, Berman-Frank et al.
2001, Marchetti et al. 2006). Pseudo-nitzschia species in other HNLC regions have been
shown to maintain fast growth rates by acquiring and storing large amounts of
intracellular Fe, while also decreasing their Fe requirements once their Fe source
becomes depleted (Marchetti et al. 2006). For these reasons, Pseudo-nitzschia sp. may
have been able to dominate the diatom community in the RSP and create a large bloom in
the process.
Sources of DFe and salinity
In the more open water ACC regions, DFe found at the surface is generally considered to
be from the continental shelf sediments or atmospheric deposition (Tagliabue et al. 2009).
Pulses of DFe from sea ice and icebergs are comparatively small (Loscher et al. 1997).
The RSP, however, has many potential sources of DFe, depending on the season
(Marchetti et al. 2006, Sedwick et al. 2000). The surface DFe measured on this cruise
most likely came from sediment sources, as described in Gerringa et al. 2015. The Ross,
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Pennell, and Mawson Banks in the Ross Sea greatly increase the upward transport of
water in this region, supplying surface waters with DFe from seafloor sediments via
vertical diffusion. This stimulated and supported phytoplankton growth (Gerringa et al.
2015). In addition, landmasses close to the Ross Sea, such as Franklin Island, supplied
DFe to nearby areas. There was some evidence of sea ice melt water causing an influx of
DFe into the polynya (Gerringa et al. 2015), but this DFe was likely immediately taken up
by the phytoplankton, leaving low DFe once the polynya was opened (Wells 2003,
Sedwick et al. 2000).
The lower salinity levels detected in the two ACC regions can be attributed to sea
ice melt water due to the annual retreating of sea ice. Although there are various water
masses present at depth, RSP surface water is predominantly Antarctic Surface Water
(AASW) (Gerringa et al. 2015). The salinity and temperature of this water mass tended to
vary, but sea ice melt at stations with high sea ice coverage contributed to the low salinity
at stations in the western transect.
CONCLUSIONS
This work demonstrates the value of using high-throughput molecular barcoding to assess
change in diatom community composition in different regions of the SO. The SO
surrounding Antarctica is a dynamic area that is controlled by the annual formation and
melting of sea ice. This work captures a snapshot of the effects of these changes on
diatom community structure. Here, we used diatom-targeted primers to sequence the
highly variable V4 region of the 18S rDNA gene from surface samples covering the
Western Antarctic Peninsula, Ross Sea Polynya, and surrounding waters of the Antarctic
Circumpolar Current. Small diatoms such as Thalassiosira oestrupii are prevalent in open
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ocean HNLC waters, while sea ice diatoms such as Fragilariopsis cylindrus compose the
bulk of the sequence data in areas surrounded by ice. Samples from a bloom in the Ross
Sea Polynya showed high abundance of Pseudo-nitzschia sp. in the sequence data. The
presence of these diatom genera at these locations was confirmed by corresponding
FlowCam data. In addition, using a BEST analysis, we determined salinity and DFe
together best explain the shifts in community structure. Sea ice melt contributed to lower
salinity at stations from the Antarctic Circumpolar Current regions and in regions of the
RSP that had high sea ice coverage. Vertical diffusion of DFe from sediments in the Ross
Sea was the likely source of an influx of Fe that led to a Pseudo-nitzschia bloom.
Interestingly, DFe alone could not explain the diatom community shifts.
Here we were able to follow diatom community trends across physicochemical
gradients in the SO using a high resolution diatom-targeted sequencing approach.
Combined with the exploration of corresponding environmental data, we pinpointed the
likely variables that explained these changes in an area of the SO that borders most of
Western Antarctica. Approaches such as this that cover community structure changes at a
finer resolution over broad areas would greatly improve our understanding of dynamic
areas such as the SO.
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Figure 1. The 60 stations sampled for diatom 18S V4 rDNA sequence data. Four general
regions were sampled: the Western Antarctic Peninsula (WAP; stations 1-12, November
23-December 3, 2013), the Antarctic Circumpolar Current (ACC) before entering the
Ross Sea Polynya (ACC: Pre-RSP; stations 12-23, December 5-19, 2013), the Ross Sea
Polynya (RSP; stations 24-43, December 21, 2013 - January 5, 2014), and the ACC after
exiting the RSP (ACC: Post-RSP; stations 44-60, January 7-20, 2014). The first and last
stations of each region are labeled. The central and western transects of the RSP are
marked in blacked boxes. Stations are color-coded by whether associated dissolved Fe
data is available (red) or not (black). Stations marked as triangles with a white border
were surrounded by ice. The direction and general location of the ACC is indicated by the
black arrows.
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Figure 2. Percent relative sequence abundance of the 18S V4 nodes (ASVs) found in the
underway (UW) surface samples from the 32 stations with available DFe data in the Ross
Sea Polynya (RSP) and Pre- and Post-RSP Antarctic Circumpolar Current (ACC) (left).
Sample numbers are listed in chronological order. Corresponding dissolved iron (DFe)
(middle) and chlorophyll a (right) concentrations from 10 m are shown.
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Figure 3. A cluster dendrogram of all 60 stations that were sequenced for diatom-targeted 18S V4 rDNA. Sample clustering was
based on a Bray-Curtis similarity matrix and used a group average mode of clustering. Samples are labeled based on general sampling
location: the western Antarctic Peninsula (WAP), the Ross Sea Polynya (RSP) and the Antarctic Circumpolar Current (ACC). The
conditions of each sampling location are noted by either light blue triangles (ice covered), dark blue dots (open water), or green
asterisks (RSP bloom). A shade plot showing the 25 most abundant nodes (ASVs) identified across the entire dataset and their percent
relative sequence abundance per sample is also shown.

Table 1. The Spearman rank correlation values resulting from BEST analysis of the 32 samples and their corresponding environmental data. The
BIOENV algorithm with a D1 Euclidean distance resemblance measure was used and the number of correlates was limited to two. Values in
bold denote a significance level of 0.1%.
Dissolved
Stratification
Chlorophyll
Fe
Temperature Salinity
Index
a
PAR Nitrate Phosphate Silicate
Dissolved Fe
0.148
Temperature
0.154
0.154
Salinity
0.520
0.234
0.508
Stratification
Index
0.167
0.157
0.469
0.109
Chlorophyll a
0.428
0.417
0.441
0.438
0.429
PAR
0.247
0.247
0.247
0.247
0.248
0.247
Nitrate
0.171
0.170
0.182
0.173
0.235
0.265 0.171
Phosphate
0.189
0.150
0.396
0.214
0.375
0.261 0.171
0.187
Silicate
0.332
0.339
0.335
0.334
0.363
0.280 0.378
0.334
0.331
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Figure 4. Non-metric Multidimensional Scaling (nMDS) plots generated from a Bray-Curtis similarity matrix of the relative
abundance data, using all nodes (ASVs) identified across 32 underway (UW) surface samples. (A) is the original nMDS plot, showing
diatom community composition similarities of the 32 UW surface samples (shown as black dots). The four general clusters of samples
identified among the 32 samples are also indicated by the numbered circles. Each cluster contains samples that are roughly 60-75%
similar in composition (see Figure S6). Bubble plots of (B) chlorophyll a (μg/L), (C) dissolved Fe (nM), and (D) salinity (%) at 10 m
for each of the corresponding stations are overlain onto the nMDS plot, with the relative size of the bubble corresponding to a range of
values for each variable.

Figure 5. A non-metric Multidimensional Scaling (nMDS) plot generated from a BrayCurtis similarity matrix of the relative abundance data, using all nodes (ASVs) across 15
underway (UW) surface samples from the Ross Sea Polynya (RSP). A bubble plot of
Fragilariopsis cylindrus (node 4640) and Pseudo-nitzschia arenysensis (node 4644) data
is overlain onto the nMDS plot.
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Figure S1. The 32 stations sampled during the NBP 13-10 “Phantastic I” cruise for
which diatom 18S rDNA sequences and corresponding environmental parameters,
including DFe data, were analyzed. Samples from three regions are included: the Ross
Sea Polynya (RSP), the Pre-RSP Antarctic Circumpolar Current (ACC), and the PostRSP ACC. Bray-Curtis similarity values generated from relative species abundance data
grouped stations in four clusters. Map made in Ocean Data View (ODV v4.5.7).
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Figure S2. Satellite-derived images of sea ice concentrations around the Ross Sea
Polynya during Phantastic I on 16 December 2013 (Station 19), 28 December 2013
(Station 33), and 15 January 2014 (Station 44). The station that was sampled on each
corresponding day is labeled in red, with surrounding stations sampled on different days
labeled in yellow.
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Figure S3. Principal Component Analysis plots of the 32 stations used for the BEST
analysis based on (A) abiotic factors, including stratification index, temperature, salinity,
and PAR, and (B) biotic and biogeochemical factors, including DFe, nitrate, phosphate,
silicate, fluorescence, and Chl a, all at 10 m.
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Figure S4. Relative abundance of different phytoplankton groups using pigment data derived from HPLC/CHEMTAX analysis (A)
and FlowCam image data* (B) for the Phantastic I stations with corresponding 18S V4 sequencing data and full suite of environmental
metadata. *Dinoflagellate images were identifiable but not analyzed as they composed only a small portion of the data. Cryptophytes
and chrysophytes were not reliably identifiable from the FlowCam data.
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Figure S5. Bar graphs comparing the 18S V4 sequencing data to the FlowCam image data. In the top panels, 18S V4 ASVs (A) and
FlowCam image data (B) are grouped generally by pennate (blue) and centric (pinks) diatoms. In the bottom panels, each 18S V4
ASV is plotted separately (C) and the FlowCam image data (D) are identified to the most specific grouping possible (cool colors
represent pennate diatoms and warm colors represent centric diatoms.

Figure S6. A cluster dendrogram of the 32 samples that were sequenced and have
corresponding DFe values. Sample clustering was based on a Bray-Curtis similarity
matrix and used the group average mode of clustering. The dashed line on the
dendrogram indicates 70% similarity between samples. A shade plot showing the 7 most
abundant nodes (ASVs) identified across the entire dataset and their percent relative
sequence abundance per sample is also shown. The colored asterisks indicate the four
general clusters of samples found among the 32 samples.
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ABSTRACT
Diatoms are a large group of eukaryotic phytoplankton that play an important role in
Southern Ocean (SO) primary production and biogeochemical cycling. In the SO, their
growth is often limited for iron (Fe), a micronutrient required for their photosynthetic
apparatus. In the Western Antarctic Peninsula (WAP), a continental shelf break separates
the region’s Fe-rich inshore waters from the high nutrient, low chlorophyll Fe-limited
offshore waters. The WAP ecosystem is also heavily influenced by the annual sea-ice
retreat that occurs during the summer, relieving phytoplankton of their light limitation
and changing the surrounding water chemistry. To determine which environmental
factors shape the surface diatom communities in the WAP region, we used highthroughput sequencing of the variable V4 region of the 18S rDNA amplified with
diatom-targeted primers to characterize in situ diatom community composition during
two early austral summer cruises in 2014 and 2016. The WAP diatom communities were
generally stable between sampling years but different between sampling locations,
characterized by their proximity to the WAP coast and dissolved Fe (DFe) measurements
(> 1 nM DFe = inshore, < 1 nM DFe = offshore). Sequences from the genera
Fragilariopsis and Corethron were more abundant within inshore stations and correlated
with high DFe and silica concentrations. Those from the genera Pseudo-nitzschia,
Chaetoceros, Thalassiosira and Cylindrotheca were more prevalent in offshore stations
and correlated with low DFe and silica concentrations. This work offers a baseline of the
diatom community structure and the potential drivers in species composition and is
necessary for understanding the complex microbial dynamics found within the WAP.

74

INTRODUCTION
Diatoms are eukaryotic phytoplankton that are key players in Southern Ocean (SO)
carbon fixation and biogeochemical cycling and contribute to the bulk of phytoplankton
primary production during times of peak productivity (Schofield et al. 2017).
Phytoplankton community structure, dynamics, and subsequent productivity depend on
the spatiotemporal variability of the environments in which they reside. The Western
Antarctic Peninsula (WAP) is heavily influenced by the rapid annual sea ice retreat that
occurs during the austral spring to summer transition, fueling phytoplankton blooms
along its ice edge (Ducklow et al. 2013). In addition to its annual sea ice cycle, the WAP
is experiencing higher than average increases in air and water temperature attributed to
global climate change (Ducklow et al. 2007, Somero 2012, Robinson et al. 2020). This
has resulted in a substantial loss of sea ice in the northern half of the peninsula
(Stammerjohn et al. 2012), leaving the southern half of the peninsula colder and drier in
recent years (Ducklow et al. 2013). This change in the sea ice cycle has also affected the
phenology of local zooplankton populations that rely on the sea ice edge phytoplankton
blooms as their food source (Steinberg et al. 2015). Understanding the underlying
dynamics of the phytoplankton community structure in the context of this rapid
environmental change is important for understanding their impacts on future SO
biogeochemical cycling.
The WAP is characterized by a steep shelf break that separates the offshore iron (Fe)depleted, high nutrient, low chlorophyll (HNLC) water masses from the shallow, Feenriched coastal waters (Ducklow et al. 2007). In addition to the sea-ice retreat and light
availability that are thought to be the main control of its phytoplankton community
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structure and primary productivity, Fe limitation has been known to influence the
phytoplankton populations in some areas of the WAP (Vernet et al. 2008, Huang et al.
2012). Within the WAP phytoplankton community, diatoms and cryptomonads are the
dominant taxa in terms of biomass measured by either chlorophyll a concentrations or
cellular carbon (Garibotti et al. 2003). They are found all throughout the WAP, from the
northern Bransfield and Gerlache straits (Holm-Hansen and Mitchell 1991, Rodriguez et
al. 2002), to the more southern Marguerite Bay (Garibotti et al. 2003). In addition, the
common Antarctic haptophyte Phaeocystis antarctica is found in single-cell form in the
coastal areas of the WAP (Savidge et al. 1995, Rodriguez et al. 2002). The distribution of
these species is tightly correlated with the movement of the ice edge as the summer
season progresses. This sea ice retreat reliably induces phytoplankton blooms consisting
of cryptomonads and diatoms (Ducklow et al. 2007). A well-established annual
succession of phytoplankton in the WAP begins with larger diatoms associated with ice
pack break-up, a period of cryptophyte dominance, and then a bloom of small diatoms
(Moline and Prézelin 1996, Garibotti et al. 2005). Biomass within shelf waters generally
peak in mid-summer (December to January) and is higher within southern locations such
as Marguerite Bay and off the coast of Alexander Island. The Palmer Station Long-Term
Ecological Research (LTER) program has studied this region extensively since 1990
(Ducklow et al. 2007), but the information collected is during the peak phytoplankton
bloom in January.
Previous work has used microscopy and/or pigment analysis to characterize the
phytoplankton community structure in the WAP. However, most of this work has been
conducted during the austral summer (e.g. Bodungen et al. 1986, Garibotti et al. 2003,
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Rozema et al. 2017) after much of the annual sea-ice retreat has occurred during the
spring to summer transition. Summer phytoplankton communities from the 2005-2013
seasons that were compared with pigment analysis showed a highly similar and diatomdominated phytoplankton community composition between years (Rozema et al. 2017).
Extensive microscopic identification however, shows that summer diatom assemblages
vary highly from year to year, but commonly include Corethron, Chaetoceros,
Eucampia, Fragilariopsis, Minidiscus, Odontella, Nitzschia, Proboscia and various
discoid centrics (Thalassiosira, Actinocyclus, Coscinodiscus, etc.) in areas ranging north
to south from Bransfield Strait and Anvers Island to Marguerite Bay (Bodungen et al.
1986, Garibotti et al. 2003, Annett et al. 2017). In the Gerlache Strait and Bellingshausen
Sea, chain-forming diatoms dominate the region during summer, and include
Chaetoceros socialis, Eucampia antarctica, Odontella weissflogii, Proboscia alata,
Thalassiosira gravida, and Pseudo-nitzschia heimii (Varela et al. 2002). Microscopic
identification of diatoms on marginal ice edge samples from north of the WAP during the
spring, autumn and winter seasons show Nitzschia spp., Thalassiosira spp., Chaetoceros
spp., Rhizosolenia alata, Corethron criophilum, and several sea-ice specific diatom
genera (Amphiprora, Synedra, etc.) as the dominant members of those communities
(Garrison and Buck 1989).
Diatom community composition varies by region and is influenced by a multitude of
abiotic factors, including temperature, salinity, and nutrient availability (Sarthou et al.
2005, Boyd and Hurd 2009). Previous work indicates Fe and salinity are important
environmental factors in shaping SO diatom communities, specifically in the Ross Sea
Polynya (RSP) and the Antarctic Circumpolar Current (ACC) waters surrounding the
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RSP (Holland et al., in prep). Diatom genera also differ in cell size, morphology, and cell
wall silicification, making some species more likely to impact carbon sequestration than
others (Assmy et al. 2013). Sampling during the austral spring to summer transition is
therefore critical for understanding diatom community dynamics and their potential
effects on SO biogeochemical cycling. Here we characterized in situ surface diatom
communities during two early austral spring cruises in 2014 and 2016 using highthroughput sequencing of the eukaryotic 18S V4 rDNA region for finer and more
complete taxonomic resolution. We sought to determine how the diatom communities
compared, the environmental factors that correlate with them, and the implications for
biogeochemical cycling in the SO. In addition, we determined which diatom taxa cooccur with each other during these sampling years. We then identified the environmental
factors that correlated best with these different groups of diatoms. Ultimately, assessing
diatom community structure will be important for determining species-specific
contributions to WAP biogeochemical cycling.
METHODS
Sample collection. Surface seawater samples were collected on two Antarctic research
cruises on the R/V Nathaniel B. Palmer (NBP14-09 and NBP16-08; Figure 1). NBP14-09
was in the WAP from 31 October to 21 November, 2014, roughly following the Palmer
Long-Term Ecological Research (LTER) station grid lines (Smith et al. 1995;
pal.lternet.edu). NBP16-08 was in the northern WAP from 7 September to 14 October,
2016. A conventional CTD rosette was used to collect seawater samples in Niskin bottles
as well as corresponding environmental data at 10 m for NBP14-09 and 5 m for NBP1608, effectively sampling the upper mixed layer during both cruises. A peristaltic pump
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was used to filter 1.5-3L of seawater onto 3 µm size-fractionated triplicate filters. All
samples were immediately flash frozen using a liquid N2 dewar and stored at -80ºC.
Environmental metadata collection. Corresponding environmental metadata for the
above filter samples were measured either using sensors deployed with the CTD rosette
(for fluorescence and PAR) or from seawater samples taken from a different Niskin bottle
on the same CTD rosette. For chlorophyll a (Chl a) measurements, seawater was filtered
through Whatman glass-fiber filters (diameter of 25 mm and pore size of ~0.7 μm) using
low vacuum pressure (<5 mm Hg) for both cruises. On NBP14-09, Chl a samples were
collected in triplicate, extracted in 5 mL of 90% acetone at 4 ˚C in the dark for 24 hours,
and read on a Turner Designs 10-AU fluorometer before and after acidification with 10%
HCl. On NBP16-08, Chl a samples were also collected in triplicate from 100-200 mL of
seawater, but extracted in 6 mL of 95% ethanol at room temperature for 12-24 hours
before being read on a Turner Designs fluorometer before and after acidification with
10% HCl (Jespersen and Christoffersen 1987, Morison and Menden-Deuer 2015).
Photosynthetic efficiency (Fv/Fm) measurements were completed in triplicate using a
Fluorescence Induction and Relaxation System (FIRe) fluorometer (Satlantic LP) on both
cruises. For NBP14-09, samples were dark acclimated on ice for 30 minutes prior to the
readings.
For NBP14-09 nutrient analysis, filtrate for each sample was collected and stored
at -20 ˚C for nitrate and phosphate analysis and 4 ˚C in the dark for silicate analysis.
Samples for this cruise were analyzed at the Royal NIOZ Netherlands Institute for Sea
Research (NIOZ) using a WestCo SmartChem 200 discrete autoanalyzer. For NBP16-08,
samples for nutrient analysis were filtered through 0.2 µm Pall Acropak membrane filter
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capsules and collected in 50 mL trace metal clean tubes. Samples were analyzed
shipboard, usually within 24 hours, on a Lachat 8500 QuickChem. Until analyzed,
samples were stored sealed at 4 ºC in the dark. Following the analyses, samples were
frozen at -20 ºC and shipped back to the University of South Florida for additional
laboratory-based analyses on a Technicon AAII in cases where quality control of the
samples were an issue. Analytical methodology was based on established methods
(Parsons 1984, Gordon et al. 1993) as described for the Lachat 8500 QuickChem in the
Lachat QuickChem methods manuals and for the Technicon AAII in the CARIACO
methods manual.
For both cruises, water for dissolved Fe (DFe) measurements was collected from
a trace metal clean CTD deployed at the same stations that the DNA samples were
collected. For NBP14-09, the water was filtered using a Sartorius Sartobran P 300 0.2 μm
filter capsule and collected in a trace metal clean van. DFe concentrations were measured
shipboard in triplicate using the automated Flow Injection Analysis method (Klunder et
al. 2011) with an aminodiacetid acid (IDA) chelating resin. Additional details of NBP1409 environmental metadata collection are described in Arrigo et al. 2017. For NBP16-08,
the water for DFe analysis was filtered using a 0.2 μm Pall AcroPakTM filter, acidified to
pH 1.8 (0.024 M HCl, Fisher, Optima) and stored at room temperature until analyzed at
the University of South Florida. Extraction and pre-concentration of the dissolved
samples were performed using the seaFAST-pico system (Elemental Scientific) offline
(Lagerström et al. 2013, Rapp et al. 2017) with a Nobias-chelate PA1 resin (Sohrin and
Bruland 2011, Biller and Bruland 2012). The eluents from the seaFAST were analyzed
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on a Thermo Scientific magnetic sector Element XR High Resolution Inductively
Coupled Plasma Mass Spectrophotometer (HR-ICP-MS).
Sea ice concentrations from the dates the samples were taken were derived from
the Special Sensor Microwave Imager available from the National Snow and Ice Data
Center (NSIDC; https://nsidc.org) using the Climate Data Record (CDR) algorithm.
DNA barcoding. DNA was extracted from the NBP14-09 and NBP16-08 3 µm filter
samples using a modified Qiagen DNeasy Extraction Kit (Qiagen, Germany) protocol.
Diatom-targeted primers were used to PCR amplify the highly variable V4 region of the
18S rDNA gene. D512 5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG
ATT CCA GCT CCA ATA GCG-3’ was used for the forward primer and D978 5’- GTC
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CGA TGG TAT
CTA ATC-3’ for the reverse (includes MiSeq adapters; underlined portions from
Zimmermann et al. 2011). Each reaction contained 1x Bioline BIO-X-ACT Short Mix
(Bioline USA Inc., Taunton, MA, USA), 0.5 μM of each primer, 2-8ng of template DNA,
and DEPC treated water to a total volume of 25 μL. The PCR regime used included an
initial denaturation step of 5 min at 95˚C, followed by 32 cycles of 60 seconds at 95˚C,
60 seconds at 61.8˚C, and 30 seconds at 72˚C, and a final extension step for 10 minutes at
72˚C. PCR products were purified using the Qiagen QIAquick Purification Kit (Qiagen,
Germany) followed by visualization on a 1.2% agarose gel. Library preparation and
subsequent sequencing was completed by the Rhode Island Genomics and Sequencing
Center at URI. High-throughput paired-end (2 x 250 bp) sequencing was performed using
an Illumina MiSeq Reagent Kit v2 (500 cycle). In total, 34 samples from 29 NBP14-09
stations and 27 samples from 21 NBP16-08 stations were sequenced.
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Sequence analysis. Trimmomatic v. 0.36 (Bolger et al. 2014) was used to trim the raw
sequences in paired-end mode with a headcrop of 20, sliding window of 4 bp and phred
score of 20 and a minimum length of 200 bp. The Illumina Utils library (v. 2.0.2)
developed by Eren et al. 2013 was used to merge the reads using the iu-merge-pairs script
with the –enforce-Q30-check flag and a max number of mismatches in the overlapping
region set to 3. To determine the number of amplicon sequence variants (ASVs) and their
percent composition within the dataset, a clustering algorithm based on Shannon entropy
for finer resolution known as Minimum Entropy Decomposition (MED; v. 2.1) was used
(Eren et al. 2014). MED default parameters were used except for an added -R flag to
relocate outlier nodes. Chimeric nodes were determined using uchime v. 4.2 (Edgar et al.
2011) set to max sensitivity (minh = 0.1). A representative sequence for each node was
given as an MED output and taxonomically assigned using the BLAST+ method in
QIIME2 v. 2018.4 (Bolyen et al. 2019) with the PR2 database v. 4.10.0 (Guillou et al.
2013). Taxonomic assignment was also completed using the SILVA database v. 132
(Quast et al. 2013) clustered at 99% for verification. As we were only interested in
diatom community composition, nodes not matching to class Bacillariophyta were
removed from downstream analysis.
Exploratory analysis and visualization of the data was completed using the R
packages phyloseq v. 1.26.11 (McMurdie and Holmes 2013), ggplot2 v. 3.1.0 (Wickham
2016), ggthemes v. 4.1.0 (Arnold 2019) and RColorBrewer v. 1.1-2 (Neuwirth 2014).
This includes calculation of the Shannon and Simpson diversity measures, all ordinations,
and all bar graphs. The ordinations were completed using non-metric multidimensional
scaling (nMDS) of a Bray-Curtis distance matrix. The Shapiro test was used to determine
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the normality of the alpha diversity measures. As the values were determined to follow a
non-normal distribution, the Kruskal-Wallis test was used to non-parametrically compare
the alpha diversity metrics.
Co-occurrence analysis. To determine which ASVs co-occurred with each other,
Weighted Gene Correlation Network Analysis (WGCNA) was used to identify sequence
modules, or groups of ASVs, that were highly correlated with each other. This was
completed using the R packages WGCNA v. 1.66 (Langfelder and Horvath 2008,
Langfelder and Horvath 2012), vegan v. 2.5-4 (Oksanen et al. 2019) and stats v. 3.5.1 (R
Core Team 2018). The samples from each cruise were first run separately through the
following pipeline so as not to introduce any biases in the co-occurrence analysis. First, a
square root transformation of the ASV count matrix was constructed in vegan using the
Hellinger method (Legendre and Gallagher 2001) to give low weight to rare ASVs. Using
this transformed matrix, hierarchical clustering was performed in stats using the
“average” (UPGMA) method to check for outliers among the samples. The matrix of
environmental data (including temperature, salinity, Chl a, fluorescence, DFe, Fv/Fm,
nitrate, phosphate, silicate, PAR and sea ice concentration) also underwent hierarchical
clustering to visualize how the environmental traits related to the clustered samples.
To create the network, a step-by-step construction and module detection approach
was used, as described in the WGCNA documentation. Briefly, this involved determining
a soft thresholding power (sft) to assign weight to each connection score between two
ASVs within a network. Pearson correlation coefficients were used as initial connection
scores between two ASVs. To then assign weight to each initial connection score, a soft
thresholding power of 21 or 29 was used for NBP1608 or NBP1409 samples,
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respectively. Soft thresholding powers were chosen based on a scale-free topology model
fit using the “pickSoftThreshold” command in WGCNA. The smallest soft threshold that
yielded an R2 value > 0.8 for fit was used for each dataset. The power was applied to a
signed adjacency function (0.5 * (1+Pearson correlation)sft) to maintain the sign of the
connection (positive or negative correlation), as recommended by the WGCNA authors.
The resulting adjacency scores were converted into a Topological Overlap Measure
(TOM) matrix to minimize the effects of noise within the dataset by taking into account
the connection strength two ASVs shared with other ASVs. The corresponding
dissimilarity values were calculated (1-TOM) and a hierarchical clustering tree created
using the “average” method. Sequence modules were identified using the Dynamic Tree
Cut algorithm (“cutreeDynamic” command), with a minimum module size of 10 ASVs.
Module eigengenes (or the first principal component of the module’s relative abundance
matrix) were then calculated (“moduleEigengenes” command) and correlated with the
environmental traits. A Pearson correlation coefficient and p-value were given for each
module-trait relationship. After running the samples from each cruise separately through
WGCNA, all samples were combined and run through the co-occurrence analysis as one
dataset to see if the same co-occurrence patterns were present. A soft thresholding power
of 24 was used for the combined sample dataset.
RESULTS
Determination of high Fe (inshore) versus low Fe (offshore) stations.
The WAP’s characteristic continental shelf break separates high Fe, coastal waters from
low Fe, HNLC waters. However, previous studies show evidence of continuous on-shelf
mixing of these water masses (reviewed in Moffat and Meredith 2018), influencing DFe
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concentrations. Therefore, bottom depth was not used to determine whether each station
was designated high Fe versus low Fe. Instead, a threshold of 1 nM was chosen based on
the DFe concentrations from the two cruises as well as previously collected DFe
measurements in the region (Hatta et al. 2013, Annett et al. 2017). A principle
components analysis (PCA) of all measured nutrient concentrations (DFe, nitrate,
phosphate, silicate) for each station was completed using R packages ggplot2 and
factoextra v. 1.0.5 (Kassambara and Mundt 2017) to determine whether this was an
appropriate threshold (Figure S1). DFe concentrations for each station were delineated as
either low (< 0.5 nM), medium (0.5 - 1 nM), or high (> 1 nM). Stations clustered cleanly
by these groupings, with the medium concentration stations clustering closer to the low
DFe cluster than the high DFe cluster. As such, low Fe (offshore) stations were defined
as containing < 1 nM DFe, while high Fe (inshore) stations contained > 1 nM DFe.
Western Antarctic Peninsula environmental properties
For this study, surface (5-10 m) samples were compared that were collected during two
austral spring cruises in October-November 2014 and September-October 2016. The
physicochemical properties of the NBP14-09 and NBP16-08 sampling areas (Figure 1)
were fairly consistent despite the slight mismatch between sampling locations and
seasonality (Table S1). From 7 to 20 November, 2014, the average temperature of the
NBP14-09 stations at 10 m depth was -1.63 ± 0.32°C. The average temperature of
NBP16-08 stations from 12 September to 10 October, 2016 at 5 m depth was -1.60 ±
0.21°C. Temperatures did not differ significantly between waters on and off the shelf for
either cruise. The average salinity for NBP14-09 stations was 33.82 ± 0.09, while the
average salinity for NBP16-08 stations was 34.09 ± 0.25. Salinity measurements also did
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not differ significantly between on and off shelf waters for either cruise. Despite NBP1409 stations being sampled slightly later in the austral spring season, the cold temperatures
and relatively high salinity measurements from both cruises indicated the presence of
Winter Water, a well-characterized Antarctic water mass (Martinson et al. 2008, Bowman
et al. 2018). This is consistent with typical austral spring conditions, just before sea ice
meltwater changes this water mass into the warmer and fresher Antarctic Summer
Surface Water (Martinson et al. 2008). Based on this, the samples from both NBP14-09
and NBP16-08 can be used to garner a better understanding of SO diatom community
structure during austral spring.
The macronutrient (silicate, nitrate, and phosphate) concentrations measured
during NBP14-09 and NBP16-08 (Table S1) were consistent with the high to low nutrient
gradient expected from inshore to offshore WAP waters. At NBP14-09 inshore stations,
the average macronutrient concentrations were 72.95 ± 10.27 µM for silicate, 31.05 ±
1.70 µM for nitrate, and 2.11 ± 0.13 µM for phosphate. Inshore stations during NBP1608 had average macronutrient concentrations of 83.59 ± 4.39 µM for silicate, 32.42 ±
0.76 µM for nitrate, and 2.22 ± 0.15 µM for phosphate. NBP14-09 offshore stations had
average macronutrient concentrations of 46.22 ± 13.66 µM for silicate, 28.12 ± 1.25 µM
for nitrate, and 1.90 ± 0.06 µM for phosphate. For NBP16-08 offshore stations, the
average macronutrient concentrations were again slightly higher at 55.19 ± 18.60 µM for
silicate, 30.44 ± 0.21 µM for nitrate, and 2.09 ± 0.21 µM for phosphate. The slightly
higher macronutrient concentration trend measured in NBP16-08 in comparison to the
NBP14-09 samples could be due to the fact that these samples were collected earlier in
the austral spring when nutrients stocks were higher due to less biological drawdown.
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The DFe concentration trends paralleled that of macronutrient values, in that they
were consistent with a high to low gradient from inshore to offshore waters and that
NBP16-08 values are generally higher than those measured during NBP14-09. At
NBP14-09 inshore stations, average DFe concentrations were 2.37 ± 1.38 nM. For
NBP16-08, inshore stations had slightly higher average DFe concentrations of 4.77 ±
2.04 nM, as they included several coastal stations within the Bransfield Strait, Antarctic
Sound and Gerlache Strait that are influenced by Fe inputs from shallow sediments (Hatta
et al. 2013, Annett et al. 2017 ). NBP14-09 offshore stations had average DFe
concentrations of 0.17 ± 0.21 nM. Similarly, average DFe concentrations at NBP16-08
offshore stations were 0.41 ± 0.26 nM. These measurements are consistent with those
obtained from other studies within the vicinity of the WAP (Hatta et al. 2013, Annett et
al. 2015, Annett et al. 2017).
General trends in diatom community composition
The goal of this study was to compare diatom community composition in the WAP
during two austral spring seasons in 2014 (NBP14-09) and 2016 (NBP16-08). To do this,
61 total biomass samples, 34 from NBP14-09 and 27 from NBP16-08, were collected via
seawater filtration from either 5 m (NBP14-09) or 10 m (NBP16-08) depth. The variable
18S V4 rDNA region in diatoms was amplified and sequenced on a high throughput
platform. In total, 769,963 merged and quality filtered reads were obtained and analyzed
using MED (Eren et al. 2014) to yield 109 total Amplicon Sequence Variants (ASVs)
within the dataset. Of these, five chimeric ASVs were found and removed from the
dataset prior to downstream analysis. From the remaining 104 ASVs, 75 (72% of nonchimeric ASVs) were taxonomically identified as a diatom (within class Bacillariophyta).

87

The 10 most abundant diatom ASVs based on percent sequence abundance matched
taxonomically to Fragilariopsis sp. 1 (21.06%), Thalassiosira 1 (7.21%), Raphid pennate
1 (6.82%), Polar centric Mediophyceae 1 (5.61%), Chaetoceros sp. 1 (4.38%),
Thalassiosira 2 (4.13%), Cylindrotheca closterium 1 (3.10%), Shionodiscus ritscheri
(2.90%), Stellarima microtrias 1 (2.77%), and Raphid pennate 2 (2.74%). These 10
ASVs composed on average about 60% of the diatom communities, with only 25 total
ASVs that composed > 1.00% of each sample on average.
In general, the diatom communities were stable between the 2014 and 2016
sampling years and did not significantly differ by sampling year. When ordinated, the
samples did not cluster by sampling year, but instead clustered by sampling location
(Figure 2). Specifically, the low Fe (or “inshore”) samples clustered separately from the
high Fe (or “offshore”) samples. The 26 inshore samples from both cruises clustered
separately from the 35 offshore samples. In general, ASVs corresponding to
Fragilariopsis and Thalassiosira were more abundant inshore, while Pseudo-nitzschia,
Cylindrotheca and Chaetoceros ASVs were more abundant offshore (Figure 3). The
inshore samples from the two cruises also formed a tighter cluster than the offshore
samples (Figure 2). This suggests a slight shift within the offshore community from 2014
to 2016. In addition, the alpha diversity values (Shannon and Simpson) did not differ
significantly between the two cruises (Kruskal-Wallis test, p-values = 3.83e-08 for
Shannon, 9.41e-08 for Simpson), but were statistically different between inshore and
offshore samples (Kruskal-Wallis test, p-value = 0.63 for Shannon, 0.84 for Simpson;
Table S2).
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Direct comparisons of station pairs
To more closely compare interannual diatom community structure, pairs of proximal
stations were chosen between the two cruises based on their sampling location. Four pairs
of stations, with close proximity, were identified for this comparison (Figure 4). The four
station pairs consist of two inshore and two offshore stations on Lines 600 and 700 of the
Palmer LTER grid (Figure 1). When compared in this manner, NBP1608 inshore samples
on both lines had lower alpha diversity than their NBP1409 counterparts. The two pairs
consisting of offshore samples from either line, however, did not differ significantly in
their alpha diversity values.
These comparisons held when looking at specific ASVs within the samples as
well. Within the two inshore Line 600 stations, the ASV Fragilariopsis sp. 1 was the
most abundant within the sequence datasets. This Fragilariopsis sp. 1 ASV composed of
52.6% and 53.6% of the two replicate NBP1409 samples (6 and 7) and 65.6% of the
NBP1608 sample (60). In comparison, among all samples sequenced, the Fragilariopsis
sp. 1 represented on average 21.1% of the dataset, indicating it had a higher abundance
within the sequence data from inshore station samples. Another abundant ASV within
these samples was Shionodiscus ritscheri, which was present in 5.6%, 4.6%, and 6.6% of
the two NBP1409 samples and one NBP1608 sample, respectively, and composed on
average 2.9% of the sequence dataset among all samples.
The abundance of Fragilariopsis sp. 1 was more variable within the inshore Line
700 samples. While still the most abundant ASV within the three samples, Fragilariopsis
sp. 1 composed 55.8% of the NBP1608 sample (56) but only 17.6% in both NBP1409
samples (8 and 9). As a result, the next most abundant ASVs within the NBP1608
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sample, including Thalassiosira sp. 2 (6.5%), Thalassiosira sp. 1 (5.7%), Porosira sp. 1
(4.1%) and Polar centric Mediophyceae 1 (4.0%), were present at higher abundances
within the corresponding NBP1409 samples (7.3% and 10.2%, 10.2% and 10.7%, 12.1%
and 9.1%, and 6.5% and 5.0%, respectively).
The pairs of offshore samples were also congruent with each other (Figure 4). For
example, the Thalassiosira sp. 1 ASV was among the top 3 most abundant ASVs at 8.1%
and 5.9% for NBP1409 samples (2 and 3) and 13.0% for the NBP1608 sample (61). In
addition, while no single Pseudo-nitzschia ASV composed more than 5% of the
sequences within the three samples, multiple Pseudo-nitzschia ASVs (Pseudo-nitzschia
sp. 1-5 and Pseudo-nitzschia delicatissima 1) were present that composed in total 8.916.8% of the sequences. Noticeably, the biodiversity of the NBP1608 sample was more
evenly mixed than the two NBP1409 samples. In NBP1409 offshore samples, the
Chaetoceros sp. 1 ASV composed 13.9% and 25.6% of the sequences. In the
corresponding NBP1608 sample (61), it was only the fifth most abundant ASV at 7.0%.
In addition, the ASV Minidiscus sp. 1 was the fourth most abundant ASV in the
NBP1608 sample at 7.3% but was only present at 1.4% and 1.9% in the NBP1409
samples. Finally, perhaps the most noticeable difference was the complete disappearance
of Cylindrotheca closterium 1, from 8.0% and 7.0% within the replicate NBP1409
samples, making it one of the most abundant, to completely absent in the NBP1608
sample.
The Line 700 offshore samples were more congruent with each other than the
Line 600 offshore samples (Figure 4). All three samples (13 and 14 from NBP1409, 54
from NBP1608) had similar levels of diversity. A few Fragilariopsis spp. composed a
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large amount of the sequences within each of these samples. Fragilariopsis sp. 3 and 1
composed 22.2-26.1% and 7.1-8.2%, respectively, of the NBP1409 samples. In the
NBP1608 sample, Fragilariopsis sp. 3 decreased to only 2.2% of the sequences. Instead,
Fragilariopsis sp. 1 and 2 composed 14.2% and 7.2% of the sequences in this sample.
Fragilariopsis sp. 2 was comparatively lower in the NBP1409 samples at 1.3% and 1.5%.
Within all three samples, the Chaetoceros sp. 1 ASV was lower in percent abundance in
comparison to the offshore Line 600 samples. This ASV constituted only 2.0% in each of
the NBP1409 samples and 3.1% in the NBP1608 sample. In addition, the same Pseudonitzschia ASVs found in offshore Line 600 samples were present in the offshore Line 700
samples, composing a total of 5.0-8.5% in each sample, with each ASV making up no
more than 3% in any of the three samples. As with the offshore Line 600 samples,
Cylindrotheca closterium 1 was not present within the NBP1608 offshore Line 700
sample despite being the second most abundant ASV within the replicate NBP1409
samples at 11.4% and 8.9%.
Co-occurrence analysis
As the WAP is a dynamic region, the stability of the diatom community structure and cooccurrence of prevalent ASVs across space and time was of particular interest. WGCNA
was used to determine which groups of ASVs, or sequence modules, co-occurred with
each other during each sampling year. NBP14-09 samples contained six sequence
modules, each of which were designated a random color (navy blue, turquoise, purple,
green, red or grey). The navy blue and turquoise modules were the largest modules,
composed of 18 and 21 ASVs, respectively, out of 75 total ASVs. The navy blue module
was composed entirely of different Fragilariopsis ASVs, encompassing 21 of the 23
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different Fragilariopsis ASVs present within the dataset. The turquoise module was more
diverse and included ASVs matching to Pseudo-nitzschia, Cylindrotheca and small
centric chain-forming diatoms such as Thalassiosira and Chaetoceros.
NBP16-08 samples contained three sequence modules, the composition of which
were very similar to the NBP1409 sequence modules and therefore designated the same
colors (navy blue, turquoise, or grey). The NBP1608 turquoise module contained 29
ASVs, only 7 of which were not present in the corresponding NBP1409 turquoise
module. Similarly, the NBP1608 navy blue module had 20 ASVs with only 1 ASV not
present in the NBP1409 counterpart.
Networks were constructed to visualize the co-occurrence of the ASVs within the
navy blue and turquoise sequence modules. Similar groups of ASVs strongly co-occurred
in both sampling years (Figure 5). The lengths of the edges of these networks
demonstrate how strongly two ASVs co-occur with each other, with a shorter edge
meaning they are more likely to co-occur. Within this dataset, the turquoise and navy
blue sequences modules in both cruises contained numerous ASVs that were tightly
linked with each other. Notably, the ASVs that composed the NBP1608 turquoise
sequence module seemed to be more strongly correlated with each other than those than
composed the NBP1409 sequence module (Figure 5). The opposite was true for the navy
blue sequence modules, with the ASVs from the NBP1409 sequence module more tightly
linked than those from its NBP1608 counterpart (Figure 5).
Sequence module correlation to environmental traits
After the determination of co-occurring groups of ASVs, we examined whether certain
environmental factors played a role in structuring these communities and found that the
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identified sequence modules correlated to various environmental traits or physiological
parameters. The NBP1608 navy blue module, composed entirely of Fragilariopsis ASVs,
was positively correlated to DFe (Pearson correlation r = 0.66, p-value = 0.001) and Si (r
= 0.81, p = 8 x 10-6) concentrations (Figure 6). It also was positively correlated to Fv/Fm
(photosynthetic efficiency) measurements (r = 0.45, p = 0.04) and negatively correlated
to Chl a concentrations (r = -0.47, p = 0.03), although these correlations were not as
strong as those to DFe and Si concentrations. Conversely, the turquoise module
composed of Pseudo-nitzschia, Cylindrotheca and small centric diatom ASVs, was
negatively correlated to DFe (r = -0.82, p = 6 x 10-6) and Si (r = -0.90, p = 3 x 10-8)
concentrations (Figure 6). The turquoise module was also strongly negatively correlated
to salinity (r = -0.66, p = 0.001), Fv/Fm (r = -0.78, p = 3 x 10-5) and, less strongly, N
concentrations (r = -0.49, p = 0.02). The grey module, composed of ASVs that were not
found to co-occur with other ASVs, did not significantly correlate with any of the
environmental or physiological traits.
The correlations between the NBP1608 sequence modules and the environmental
and physiological traits held true for the NBP1409 sequence modules, albeit not as
strongly. The NBP1409 navy blue module was again positively correlated to DFe (r =
0.32, p = 0.05) and Si (r = 0.42, p = 0.007) concentrations. It was also negatively
correlated with Chl a concentrations (r = -0.35, p = 0.03) and fluorescence measurements
(r = -0.33, p = 0.04). The NBP1409 turquoise module was also negatively correlated to
DFe (r = -0.48, p = 0.002) and Si (r = -0.64, p = 1 x 10-5) concentrations. Once again in
contrast to the navy blue module, the turquoise module was positively correlated with Chl
a concentrations (r = 0.31, p = 0.05) and fluorescence measurements (r = 0.33, p = 0.04).
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The other NBP1409 sequence modules that did not occur in NBP1608 samples
also correlated with various environmental traits. The purple module was negatively
correlated with DFe (r = 0.51, p = 8 x 10-4), Si (r = -0.33, p = 0.04), and fluorescence (r =
0.32, p = 0.04), but was the only module between the two cruises to have any correlation
with temperature (r = -0.57, p = 1 x 10-4). In addition, the green sequence module was the
only module between the two cruises to only be correlated to P concentrations (r = -0.36,
p = 0.02). Like the turquoise module, the red module was positively correlated to Chl a (r
= 0.31, p = 0.05) and fluorescence (r = 0.33, p = 0.04), but had no relationship with either
DFe or Si concentrations. Finally, the NBP1409 grey module was positively correlated
with DFe (r = 0.43, p = 0.005), P (r = 0.35, p = 0.03), and Si (r = 0.47, p = 0.002), though
it is reserved for ASVs that did not co-occur with each other.
DISCUSSION
Spring to summer transition in the Western Antarctic Peninsula
This work fills several gaps in knowledge about the WAP diatom community structure,
including fine-scale taxonomic identification of diatoms and their interannual community
structure during austral spring. This is important as WAP phytoplankton communities are
tightly linked with the annual sea-ice retreat that occurs during the spring to summer
transition. As macronutrient inventories are generally high throughout the WAP water
column, light availability is the main limitation of phytoplankton growth during the
austral winter and spring (Vernet et al. 2008, Hatta et al. 2013, Arrigo et al. 2017).
Surface PAR and sea ice concentration were therefore included in the WGCNA analysis
to determine whether any groups of diatom ASVs were correlated with these parameters,
though no correlation was found. It is possible that as only in situ diatom community
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structure was being measured, and not growth over time, that this was the case. In
addition, during NBP14-09, diatom relative abundance as measured by pigment analysis
was negatively correlated with sea ice concentration, indicating growth limitation due to
low light availability (Arrigo et al. 2017). A combination of low sun angles, deep mixed
layers and extensive sea ice cover generally contribute to diminished light levels in the
upper water column and low rates of primary production (Saba et al. 2014). As sea ice
melts during austral spring, a shallower mixed layer develops due to stratification driven
by a warmer and fresher water column. This increases phytoplankton growth rates,
resulting in a spring phytoplankton bloom that closely follows the sea ice edge (Ducklow
et al. 2013).
Co-occurrence of diatom amplicon sequence variants
Network analysis showed that Fragilariopsis ASVs strongly co-occurred with each other
during both NBP14-09 and NBP16-08, suggesting that austral spring diatom
communities in the WAP may be structured with multiple and similar species of
Fragilariopsis. These Fragilariopsis ASVs were mainly found in inshore locations and
correlated with high DFe and Si concentrations. Similarly, Pseudo-nitzschia,
Cylindrotheca, Chaetoceros, and Thalassiosira ASVs co-occurred during both cruises
and were more prevalent in offshore locations with low DFe and Si concentrations.
Certain cellular and physiological traits could explain these patterns of co-occurrence.
Fragilariopsis diatoms, for example, have highly silicified frustules, making them a
harder target for zooplankton grazers and less likely to be consumed (Assmy et al. 2013).
In addition, members of the Pseudo-nitzschia genera in other HNLC regions are known
to utilize the protein ferritin to bind and store Fe for later use (Marchetti et al. 2009,
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Cohen et al. 2018). Pseudo-nitzschia spp. are also able to substantially reduce their
cellular iron requirements to maintain fast growth rates. These factors combined confer
an advantage to Pseudo-nitzschia and makes them better suited to bloom formation when
dissolved Fe becomes available and subsequent persistence under Fe-depleted conditions.
Diatoms that maintain ferritin in their genomes but do not use it as readily or consistently
in the field, such as Fragilariopsis (Bertrand et al. 2015, Mock et al. 2017, Lampe et al.
2018), may maintain a lower cellular Fe quota to persist in such environments (Strzepek
et al. 2011).
Dissolved Fe and Si effects on diatom community structure
The cellular and physiological traits described above would also make certain diatom
species better suited to occupying different niches. The low and high DFe stations
sampled between the two cruises could represent two distinct niches, with different
diatoms dominating each niche, as observed in this study. Overall, varying nutrient
concentrations generally correlated with different diatom community structures. The
sampling location relative to the shelf break also accounted for more variation within the
community structure than the sampling year. Offshore waters low in DFe (< 1 nM) and Si
contained more Pseudo-nitzschia, Cylindrotheca, and small centric diatom ASVs, while
coastal waters high in DFe (> 1 nM) and Si contained more Fragilariopsis ASVs. These
differences in diatom community structure have been seen in other regions of varying
DFe concentrations. Previous work in the SO shows a transition from a Fragilariopsisdominated diatom 18S V4 community in the Fe-limited ACC to one dominated by
Pseudo-nitzschia sequences in the Ross Sea Polynya. This shift corresponded to a
pennate diatom bloom fueled by vertical transport of sediment-derived Fe, leaving a low
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Fe signature in the polynya relative to the surrounding ACC (Holland et al. in prep,
Gerringa et al. 2015). In the coastal-HNLC transition zone of the northeast Pacific Ocean,
there was a clear shift from a diatom 18S V4 community dominated by Guinardia
sequences to one composed of Pseudo-nitzschia pungens and various coastal
Thalassiosira spp. This correlated to a combination of longitudinal position and the
concentrations of the dissolved trace metals Fe, copper, and zinc, which decreased across
the transition zone (Chappell et al. 2019).
Potential community effects on carbon export
A community composed of Fragilariopsis would have a higher Si:C ratio than one
composed of Pseudo-nitzschia, Cylindrotheca and small centrics (Marchetti and Harrison
2007, Tatters et al. 2012). This is because Fragilariopsis has a thick frustule, an outer
shell that all diatoms contain that is composed of silica, in comparison to other diatoms.
This affects its elemental composition and increases the Si:C ratio within the diatom and,
subsequently, the community in which it resides (Brzezinski 1985). Therefore, a
community composed of Fragilariopsis could potentially result in lower carbon export,
in terms of elemental composition, than one composed of Pseudo-nitzschia,
Cylindrotheca and small centrics. However, this view does not consider the ecological
consequences of such a change in elemental stoichiometry. As diatoms with thicker
frustules are generally heavier than those with thin frustules, their sinking rates
undoubtedly differ. Diatoms with thick, impenetrable frustules have faster sinking rates
than their less silicified counterparts, making them more likely to reach the ocean floor
(Hutchins and Bruland 1998). Heavily silicified diatoms such as Fragilariopsis are also
more impervious to grazing by zooplankton than those with thinner frustules (Hamm et
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al. 2003, Smetacek et al. 2004). This resistance to grazing decreases the likelihood of
contents of the diatom being remineralized in the surface ocean, making it more likely
that the contents will reach the seafloor. Analysis of diatom frustules in ACC sediments
confirms this (Zielinski and Gersonde 1997). In addition, bottle incubations in various
HNLC regimes have shown lower Si:C ratios in Fe-enriched communities compared to
the unamended, naturally low Fe controls (Martin 1992, Hutchins and Bruland 1998).
This is because while carbon acquisition is often restricted under low Fe conditions, Si
uptake often continues in areas of high silicic acid concentrations (such as the SO),
leading to the growth of diatoms with thicker frustules (Leynaert et al. 2004). Consistent
with higher Si:C ratios, sinking rates of diatoms also increase during Fe-limited growth
(Waite et al. 1992, Muggli et al. 1996). This could explain the mismatch in thinly
silicified diatom ASVs being present in low Fe, offshore surface waters of the WAP
while heavily silicified diatoms such as Fragilariopsis dominate ACC sediments. Seed
populations of Fragilariopsis can persist and are potentially selected for during times of
Fe-limited growth, until pulses of Fe allow boom-and-bust diatom genera such as
Chaetoceros and Pseudo-nitzschia to flourish (Assmy et al. 2013). While lower overall
primary productivity may be the result of a high Si:C diatom community, a faster sinking,
grazing-resistant community could more efficiently export carbon.
Broader implications for the field
In this study we acquired genus-level resolution of diatom community composition in the
WAP. Recent studies have utilized molecular barcoding to connect general
phytoplankton community composition in the region with estimates of primary
production (Lin et al. 2017). As diatoms are a major player in the Antarctic ecosystem
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during times of peak productivity (Schofield et al. 2017), it is critical that changes in
diatom species composition are measured. Diatom community dynamics are important to
understand as biogeochemical models begin to incorporate traits of various
phytoplankton functional groups. Typically, diatoms are treated as a single phytoplankton
functional group, defined as photosynthetic eukaryotes that require silica for their life
cycle (e.g. Baretta et al. 1995, Le Quéré et al. 2005). More recent studies seek to expand
this definition to include the diversity found within the diatom functional group
(Terseleer et al. 2014, Dutkiewicz et al. 2020). Trait distributions within the diatom
functional group are necessary for capturing the full range of physiological differences
between and within diatom genera. Assessing diatom distributions using fine-scale
molecular data can help inform these trait-based models. In addition to assessing diatom
community structure, we correlated certain groups of diatom ASVs with specific
environmental traits. Namely, Fragilariopsis ASVs correlated with high DFe and Si
concentrations (coastal WAP), and Pseudo-nitzschia, Cylindrotheca, and small centric
(Thalassiosira, Chaetoceros) ASVs correlated with low DFe and Si concentrations
(offshore WAP). Importantly, these correlations between diatom community composition
and specific environmental factors cannot replace experimental validation (Carr et al.
2019). Experiments showing similar diatom community composition shifts upon the
addition of Fe to an Fe-limited SO environment help validate these results (Quéguiner
2012, Assmy et al. 2013). Regardless, obtaining a baseline of the diatom community
structure and the potential drivers in species composition is necessary for understanding
the complex microbial dynamics found within the WAP.
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Figure 1. (A) Stations sampled within the Western Antarctic Peninsula during the
NBP1409 (green) and NBP1608 (blue) austral spring research cruises. Numbers
correspond to sample ID numbers. (B) Dissolved Fe (DFe) measurements for each
station. Stations indicated with open circles do not have DFe data. Line numbers
correspond to the Palmer Long Term Ecological Research (LTER) Station sampling grid.
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Figure 5. Network representations of distinct sequence modules (groups of co-occurring
ASVs) determined by WGCNA. Turquoise and navy blue sequence modules are shown
from (A) NBP1608 samples (B) NBP1409 samples and are composed of the same diatom
ASVs. Each oval is a node representing one diatom ASV. Edges indicated with lines
represent weighted connections between two ASVs. Uncolored nodes represent diatom
ASVs found in NBP1608 sequence modules but not NBP1409 modules.
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Figure S1. A principle components analysis (PCA) plot of all measured nutrient
concentrations (DFe, nitrate, phosphate, silicate) for each station. Square points
representing each station are color-coded by its DFe concentration and are delineated as
either low (< 0.5 nM) in green, medium (0.5 - 1 nM) in blue, or high (> 1 nM) in red.
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ABSTRACT
Diatoms are important marine community members and major contributors to
global biogeochemical cycles. In high nutrient, low chlorophyll (HNLC) areas such as the
Southern Ocean (SO), diatoms are growth limited by the micronutrient iron (Fe) and
respond rapidly to sudden changes in dissolved Fe, but the response is not uniform
amongst species. During an early austral spring cruise in the Western Antarctic Peninsula
region of the SO, Fe amendment experiments were conducted with low Fe, HNLC
phytoplankton communities. Metatranscriptomic sequencing was then used to determine
the diatom community response to the Fe amendments as well as the response of its
associated bacteria. Particular emphasis was given to teasing apart responses of the four
dominant diatom taxa Pseudo-nitzschia, Chaetoceros, Thalassiosira and Fragilariopsis.
The success of Chaetoceros in particular relied on the shunting of newly acquired Fe to
nitrate/nitrite metabolism as well as constitutive expression of components of a reductive
high affinity Fe-uptake system. Fragilariopsis instead actively relied on the vacuolar iron
storage protein NRAMP under ambient conditions. In addition, Thalassiosira upregulated
the Fe-siderophore outer membrane receptor (TC.FEV.OM) used in direct Fe-siderophore
uptake systems found in bacteria. Within the bacterial metatranscriptome, dominated by
canonical diatom-associated Alteromonadales and Flavobacteriales bacteria, Fesiderophore uptake genes were also upregulated after Fe addition, indicating a possible
increase in competition for Fe within this community after its stimulation. The
investigation of these different Fe enrichment responses and potential diatom-bacteria
interactions is important for understanding SO biogeochemical cycles and for linking in
situ diatom metabolism with carbon export potential.
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INTRODUCTION
Diatoms are a highly diverse phytoplankton group that contribute to 20% of
annual global carbon fixation (Nelson et al. 1995). Their growth and primary productivity
are often constrained by the availability of certain nutrients. In high nitrate, low
chlorophyll (HNLC) regions, dissolved macronutrient (nitrogen, phosphorus, silica)
concentrations in the surface ocean are high, but diatom and other phytoplankton biomass
remain low. The Southern Ocean (SO) is the most expansive of the HNLC regions and
plays a key role in regulating global climate as the largest carbon sink in the global ocean
(Sarmiento et al. 1998). Phytoplankton growth in HNLC regions is severely limited by
the bioavailability of iron (Fe), which is needed for proper functioning of the
photosynthetic apparatus (Raven 1990). Numerous field studies in HNLC regions have
shown Fe-limitation of primary production, including bottle experiments with Feamended seawater (Martin and Fitzwater 1988) and Fe fertilization experiments of the
surface ocean (summarized in de Baar et al. 2005 and Boyd et al. 2007). Model
predictions also suggest HNLC regions are Fe-limited for diatom growth in particular
(Moore et al. 2013). When Fe is exogenously supplied in the SO, it can support large
diatom blooms and deep carbon export, suggesting SO diatoms persist in low Fe
conditions (Smetacek et al. 2012). This occurs in both natural (Blain et al. 2007, Pollard
et al. 2009) and artificially fertilized SO blooms, contributing to the biological carbon
pump that is responsible for long term, deep ocean carbon sequestration (Smetacek
1999).
Iron ions are found in two different oxidation states in the marine environment –
either the ferrous (Fe2+) form, which is soluble but thermodynamically unstable, or the
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ferric (Fe3+) form, precipitated as either ferric-hydroxide or much more often bound by
strong organic ligands (Gledhill and Buck 2012). As a result, readily bioavailable
dissolved Fe is quite scare. However, HNLC diatoms have developed various strategies
for coping with low Fe concentrations and bioavailability. These include the substitution
of Fe-containing proteins with non Fe-containing ones (La Roche et al. 1993, Doucette et
al. 1996, Peers and Price 2006), various Fe storage mechanisms (Marchetti et al. 2009,
Lampe et al. 2018), high affinity Fe uptake systems (Maldonado and Price 2001,
Morrissey et al. 2015) and uptake of Fe bound to bacterially-produced organic ligands
called siderophores (Kazamia et al. 2018, Coale et al. 2019). For the last mechanism, the
model diatom Phaeodactylum tricornutum can endocytose Fe-siderophore complexes to
be transported to the chloroplast (Kazamia et al. 2018) or use a ferric reductase to access
siderophore-bound Fe (Coale et al. 2019). However, a direct Fe-siderophore uptake
mechanism like that commonly used by bacteria, in which the Fe-siderophore complex is
bound by an outer membrane receptor and taken into the cell (Krewulak and Vogel
2008), has not been identified. ATP-binding cassette (ABC) transporters potentially
involved in downstream Fe-siderophore transport have been identified in other diatom
studies (Cohen et al. 2018, Moreno et al. 2020), but not outer membrane receptors with
direct-binding capabilities. Regardless of the mechanism, the use of these Fe-siderophore
complexes depends on the production of siderophores by bacteria that are within the
phycosphere of a diatom (Seymour et al. 2017). Knowledge of specific SO diatombacteria associations that could facilitate the use of these complexes is limited, though
their general mutualistic benefits in the field have been documented (Bertrand et al.
2015). A growing body of work has been completed on how specifically SO diatoms
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persist under Fe stress and respond to intermittent pulses of Fe (Strzepek et al. 2011,
Quéguiner 2012, Moreno et al. 2018). However, more studies need to be completed that
address the role of SO diatom-bacteria associations in coping with varying Fe conditions.
During an early austral spring cruise in the Western Antarctic Peninsula (WAP),
Fe-amendment experiments were completed using natural microbial communities from
low Fe, HNLC waters. Metatranscriptomic sequencing was then completed to investigate
the responses of both diatoms and their associated bacteria to alleviation from Fe stress.
Metatranscriptomics (i.e., all expressed genes of the entire community) can give insights
into resource partitioning (Alexander et al. 2015, Pearson et al. 2015), providing a useful
tool for determining how the diatoms and bacteria use the sudden pulse of Fe. For
example, in an Fe-enrichment metatranscriptomics experiment in the HNLC northeast
subarctic Pacific, diatoms diverted newly acquired Fe to nitrate assimilation rather than
replacing non-Fe-containing proteins with Fe-containing ones, lending insight into the
success of HNLC diatoms in an Fe-limited environment (Marchetti et al. 2012). Using
the metatranscriptomic dataset, we aimed to 1) determine the SO diatom community’s
overall gene expression response to Fe-enrichment, 2) tease apart genetic and
physiological responses from different diatom genera, and 3) investigate the bacterial
response to determine if Fe-siderophore complexes play a role in overall community
alleviation from Fe stress. High-throughput molecular barcoding of the diatom and
bacterial communities within the incubations using the eukaryotic 18S and prokaryotic
16S V4 rDNA regions, respectively, was also completed. This was to establish the
comprehensive taxonomic composition within the incubations for comparison to the
functional community responding differentially to Fe status. Ultimately, the investigation
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of these different Fe enrichment responses and potential diatom-bacteria interactions is
important for understanding SO biogeochemical cycles.
METHODS
Iron amendment incubations: experimental setup
The metatranscriptomics experiments were completed during an early austral spring 2016
research cruise on the R/V Nathaniel B. Palmer (NBP16-08 during 7 September – 14
October, 2016) conducted in the WAP. Incubations were setup using unfiltered water
collected with a SeaBird GEOTRACES style SBE32 rosette, deployed using a Kevlar
line with OceanTestEquipment, Inc. X-Niskin samplers that were modified for trace
element sampling. The seawater was collected from three consecutive casts to 25 m at an
HNLC, low Fe station (-62.332 °N, -64.647 °E), homogenized in three acid-cleaned and
Milli-Q conditioned 50 L polypropylene carboys, and evenly distributed into acidcleaned and Milli-Q conditioned 4 L polycarbonate bottles. The bottles were then spiked
in triplicate with 4 nM 57Fe in laminar flow hoods within a shipboard trace metal bubble.
A second set of triplicate bottles with no Fe amendment was used as a control. The
bottles were placed in an onboard temperature-controlled lit incubator van set to 2 °C
with 24 hr blue light exposure. Macronutrient and chlorophyll a concentrations were
tracked to determine the incubation’s final timepoint.
Growth and nutrient measurements
Samples for chlorophyll a measurements were collected by filtering 50-100 mL from
each bottle onto 25 mm GFF filters with a nominal 0.7 μm pore and extracted using a 12
hour ethanol extraction. Chlorophyll a concentrations were measured using a Turner
10AU Fluorometer. Samples for macronutrients were filtered sequentially through 5 and
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0.4 μm acid-cleaned polycarbonate track-etched (PCTE) filters (Whatman Nuclepore)
using Teflon filtration rigs (Savillex). The filtrate was collected in 50 mL Falcon tubes
that had been acid-cleaned and rinsed with distilled water. Shipboard measurements of
macronutrient concentrations (nitrate+nitrite, phosphate, and silicate) were completed on
a Lachat 8500 QuickChem system, usually within 24 hours. Nutrient samples were sealed
and stored at 4 °C in the dark until analyzed, then frozen at -20 °C and shipped back to
the University of South Florida for additional laboratory-based analyses on a Technicon
AAII in cases where quality control of the samples were an issue. Analytical
methodology was based on established methods (Parsons et al. 1984, Gordon 1993) as
described for the Lachat 8500 QuickChem in the Lachat QuickChem methods manuals
and for the Technicon AAII in the CARIACO methods manual. Samples for dissolved Fe
(DFe) were sequentially filtered through 3 and 0.4 μm acid-cleaned PCTE filters on
Teflon dual-stage filter rigs (Savillex) with a custom-made, trace metal-clean vacuum
filtration system. The dissolved fraction (< 0.4 μm) filtrate was collected in acid-cleaned
125 mL low-density polyethylene (LDPE) bottles. Samples were acidified to pH 1.8
(0.024 M HCl, Fisher, Optima) and stored at room temperature until analyzed at the
University of South Florida. Extraction and pre-concentration of the dissolved samples
were performed using the seaFAST-pico system (Elemental Scientific) offline
(Lagerström et al. 2013, Rapp et al. 2017) with a Nobias-chelate PA1 resin (Sohrin and
Bruland 2011, Biller and Bruland 2012). The eluents from the seaFAST were analyzed
on a Thermo Scientific magnetic sector Element XR High Resolution Inductively
Coupled Plasma Mass Spectrophotometer (HR-ICP-MS).
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RNA and DNA sample filtration and extraction
Incubations were subsampled within the trace metal clean bubble and filtered for DNA
and RNA in a 4 ºC cold room. A peristaltic pump was used to filter 3-5 L of water from
each cast before homogenization on day 0 and 0.5-1 L of water from each incubation
bottle on day 12. The water was filtered onto a size-fractionation setup consisting of a
25mm 3 μm filter and a 0.2 μm filter. The filters were placed in tubes containing 350 μL
RLT Plus buffer then flash frozen in liquid N2 and stored at -80 ºC until extraction. The
genomic DNA and total RNA from these filters were extracted using a modified Qiagen
AllPrep DNA/RNA Mini Kit. The samples were thawed on ice and zirconia beads (0.1
and 0.5 mm) were added to each sample. After the addition of b-mercaptoethanol, each
sample was placed in a bead beater for 2 minutes and then centrifuged at maximum speed
for 2 minutes. The lysate was pipetted into a QIAshredder spin column and centrifuged
for 2 minutes at maximum speed. Using the flowthrough, the remaining genomic DNA
and total RNA purification steps were completed as described in the kit’s handbook.
After total RNA purification, a DNase treatment step was then completed using an
Ambion TURBO DNA-free Kit.
RNA and 18S/16S V4 rDNA sequencing
The total RNA was sent for quality control, library preparation and sequencing at
Genewiz (South Plainfield, NJ, USA). An Illumina Rio-Zero rRNA removal kit was used
to perform ribodepletion twice (on both eukaryotic and prokaryotic species) before
sequencing on an Illumina HiSeq 2500 platform on a single lane to generate millions of 2
x 150 bp paired-end sequence reads. Using the genomic DNA samples, diatom-targeted
primers were used to PCR amplify the highly variable V4 region of the 18S rDNA gene.
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The primers used were D512 5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA
CAG ATT CCA GCT CCA ATA GCG-3’ for the forward primer and D978 5’- GTC
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGA CTA CGA TGG TAT
CTA ATC-3’ for the reverse with added MiSeq adapters (underlined portions are primers
from Zimmermann et al. 2011; MiSeq adapters added by Chappell et al. 2019). To
identify the phytoplankton-associated microbial communities from these experiments, the
genomic DNA was also used to amplify the V4 region of the prokaryotic 16S rDNA
gene. The updated universal primer pair 515F (5’-TCG TCG GCA GCG TCA GAT GT
G TAT AAG AGA CAG GTG YCA GCM GCC GCG GTA A-3’) and 806R (5’-GTC
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GGG ACT CAN VGG GTW
TCT AAT-3’) from the Earth Microbiome project with added MiSeq adapters (primers
underlined) were used to PCR amplify this region (Caporaso et al. 2011). The primers
include additional degeneracy to the original primer pair that were made to lessen bias
against certain archaeal and bacterial groups (Apprill et al. 2015, Parada et al. 2016). The
PCR program used was as follows: 94 °C for 3 minutes, then 94 °C for 45 seconds, 50 °C
for 1 minute, 72 °C for 1 minute 30 seconds, repeated for 35 cycles, then 72 °C for 10
minutes. High-throughput 2 x 300 bp paired-end sequencing was performed using an
Illumina MiSeq Reagent Kit v3 (600 cycle), stopped after 275 cycles at each paired-end
to avoid adapter read-through. All library preparation and sequencing were completed at
the Rhode Island Genomic Sequencing Center.
Trimming and taxonomic filtering
Sequences were trimmed using Trimmomatic v0.36 (Bolger et al. 2014) with the
following parameters in the order listed: an IlluminaClip (with 2:30:10 settings) using the
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TruSeq3-PE-2.fa adapter sequence file provided by Trimmomatic, headcrop of 15 bp,
sliding window of 6 bp and phred score of 20, and minimum length of 25 bp. A quality
control report of the forward and reverse reads from each sample was generated using
FastQC v0.11.5 (Andrews 2010) and compiled using multiqc (Ewels et al. 2016) before
and after adapter removal and trimming. Removal of any residual rRNA sequences was
done by mapping the trimmed reads against the SILVA 128 rRNA database (Quast et al.
2013) using bowtie2 v2.2.9 (Langmead and Salzberg 2013). A two-step removal of nonstramenopile reads was done using Centrifuge v1.0.3 (Kim et al. 2016). The reads were
first run against the provided Bacteria and Archaea index (updated 15 April 2018) to
remove any sequences matching to bacterial or archaeal genomes. The unclassified reads
from this were then run through Centrifuge again, against the provided NCBI nucleotide
non-redundant sequences index (updated 3 March 2018), allowing classifications to any
taxa but bacteria and archaea (since these were removed in the previous step),
stramenopile, environmental and unclassified sequences (NCBI Taxonomy IDs 2, 2157,
33634, 61964 and 12908, respectively). These particular sequences would remain
unclassified and be used for metatranscriptome assembly. This two-step process
effectively but conservatively removed any sequences that were likely to belong to nonstramenopiles.
Diatom and bacterial metatranscriptome assemblies
The unclassified reads from the second Centrifuge step were then de novo assembled
using Trinity v2.8.4 (Grabherr et al. 2015) on the XSEDE Pittsburgh Supercomputing
Center’s Bridges server in paired-end mode with the default kmer length of 25 bp and –
min_kmer_cov set to 2. Metatranscriptome redundancy was reduced by clustering like-
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transcripts with CD-HIT-EST v4.6.8 (Huang et al. 2010), using the parameters -c 0.98 -n
10. The classified bacterial, archaeal and viral reads from the first Centrifuge step were
assembled and clustered in the same manner. This effectively yielded two separate
diatom and bacterial metatranscriptomes from the Fe enrichment experiments.
Read mapping quantification
Salmon v0.10.2 (Patro et al. 2015) was used to determine read counts for each biological
replicate using the Trinity align_and_estimate_abundance.pl perl script. The trimmed and
rRNA filtered reads for each +Fe and -Fe sample were used to map back to each
metatranscriptome. The Trinity abundance_estimates_to_matrix.pl script was used to
compile the expression matrices, and the Trinity filter_low_expr_transcripts.pl script with
the –highest_iso_only flag was used to filter the metatranscriptomes to only include the
highest expressed isoform per gene.
Open reading frame prediction
This filtered metatranscriptomes were then run through Transdecoder v.5.5.0 (Haas et al.
2013) to determine the likely open reading frames (ORFs) within the assemblies and
translate them into peptide sequences. To ensure ORFs with homology to known proteins
were retained, results from BLAST and Pfam searches were included. The
TransDecoder.LongOrfs command was first used to identify and extract long ORFs
(>100 amino acids) within the dataset. These long ORFs were then queried against the
UniProt Swiss-Prot database (The UniProt Consortium 2019) and, for the diatom
metatranscriptome, a custom protein database using blastp with an e-value cutoff of 1e-5.
The custom database contained 5 diatom genomes and 10 Fe-limited diatom
transcriptomes. The 5 diatom genomes (Fragilariopsis cylindrus, Phaeodactylum
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tricornutum, Pseudo-nitzschia multi-series, Thalassiosira oceanica, and Thalassiosira
pseudonana) were downloaded from the Joint Genome Institute website. All
transcriptomes were downloaded from the Marine Microbial Eukaryote Transcriptome
Sequencing Project (MMETSP; Keeling et al. 2014) hosted on the iMicrobe website. The
hmmscan command from HMMER v3.1 (Eddy 2011) was then used to search for protein
domains within the long ORFs using the Pfam database. The TransDecoder.Predict
command was then run using the –retain_pfam_hits and --retain_blastp_hits flags to
retrieve all candidate coding sequences and their respective peptide sequences. The –
single_best_only flag was also used to retain only the single best ORF per transcript,
determined first by homology then ORF length.
Taxonomic filtering, annotation, and differential expression
The resulting peptide sequences were queried against the custom PhyloDB database
(containing eukaryotic, bacterial, archaeal and viral peptides from various repositories as
well as all MMETSP data) using DIAMOND v0.8.35 with the default e-value of 0.001
(Buchfink et al. 2014). LPIclassify v0.1 was then run to determine the Lineage
Probability Index (LPI) scores (Podell and Gaasterland 2007) of each peptide sequence
based on the DIAMOND output and effectively assign them to a particular taxa. The
peptides were filtered to only include those that were assigned to the diatom lineage
(phylum Bacillariophyta) for the diatom metatranscriptome or those of bacterial,
archaeal, or viral origin for the bacterial metatranscriptome. The filtered peptide
sequences for both metatranscriptomes were run through eggNOG-mapper v2.0.0 for
functional annotation (Huerta-Cepas et al. 2017, 2019). Annotated queries that contained
Kyoto Encyclopedia of Genes and Genomes (KEGG) ID numbers, or K numbers, were
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pulled and matched to their corresponding gene-level transcripts and their read mapping
counts. Counts were then summed by K number for each diatom or bacterial genus, or at
a higher classification level when the genus could not be assigned by LPIclassify.
Transcripts that were annotated with multiple K numbers were permitted to contribute
their counts multiple times. This matrix, containing unique Genus_Knumber identifiers
and their corresponding counts, was used to run a differential expression analysis using
DESeq2 (Love et al. 2014) via the Trinity run_DE_analysis script, comparing the +Fe
treatment samples relative to the -Fe control samples. K numbers were considered
differentially expressed if they had a baseMean > 10, log2 fold change > 2 (for upregulation) or < -2 (for down-regulation) and p-adjusted value (or false discovery rate) <
0.05.
RESULTS AND DISCUSSION
Fe-amended incubations had more phytoplankton growth and nutrient drawdown
During an austral spring 2016 research cruise, an incubation experiment was completed
in which ambient seawater from a low Fe, offshore WAP station was amended with Fe in
triplicate and compared with unamended controls. This was to determine the
metatranscriptomic response of natural diatom communities and their associated bacteria
to alleviation from Fe stressed conditions. Phytoplankton growth via chlorophyll a
concentrations and macronutrient (nitrate, phosphate, and silicate) drawdown were
closely monitored over the course of 14 days to determine the final timepoint of the
experiment (Figure 1). Ultimately there were significant differences in growth of the Feamended incubations versus the unamended controls. Though the Fe-amended and
control incubations experienced similar growth and nutrient drawdown at the beginning
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of the experiment, after day 9 there was a large increase in chlorophyll a concentrations
in the Fe-amended incubations compared to the controls (Figure 1A). This resulted in an
increase in nutrient drawdown of all measured macronutrients (Figure 1B-D). Dissolved
Fe was also measured throughout the experiment, with the Fe-amendment incubations
exhibiting a steady drawdown of dissolved Fe until day 14 when concentrations were
similar to that of the controls, which remained consistently low (Figure 1E).
Chaetoceros ASVs dominated the Fe-amended diatom 18S community, Colwellia and
Polaribacter ASVs the bacterial 16S community
The diatom and plankton-associated bacterial communities from both the Fe-amended
and control incubation bottles were sequenced using 18S and 16S V4 rDNA barcoding,
respectively, on a high-throughput Illumina MiSeq platform. Across both conditions,
most of the diatom 18S V4 sequences were composed of Chaetoceros and Fragilariopsis
(Figure 2A). However, the control bottles contained a more equal mixture of Chaetoceros
and Fragilariopsis ASVs than the Fe-amended bottles, which had relatively more
Chaetoceros ASVs and a marked decrease in Fragilariopsis ASVs. In addition,
Stellarima sequences also increased in the Fe-amended incubations compared to the
controls. However, under both conditions the Thalassiosira and Pseudo-nitzschia
sequence abundance remained consistent. These differences in relative species abundance
in diatom communities between low Fe and Fe-enriched conditions is consistent with
previous SO studies focusing on Fe-fertilized phytoplankton blooms. Analysis of both
naturally occurring and artificially induced Fe-fertilized blooms dominated by diatoms
has consistently revealed a shift from slow-growing, highly silicified diatoms such as
Fragilariopsis to an initial bloom phase of thinly-silicified, “boom and bust” genera such
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as Chaetoceros, Thalassiosira, and Pseudo-nitzschia (Quéguiner 2012, Assmy et al.
2013). This is also consistent with recent diatom barcoding studies conducted in SO
regions with varying Fe concentrations, in which more Chaetoceros and Thalassiosira
ASVs were observed in high Fe, coastal areas, and more Fragilariopsis ASVs were
observed in HNLC waters with consistently low dissolved Fe (Holland et al., in prep).
Within the bacterial 16S V4 communities, Colwellia, Polaribacter, Glaciecola,
Paraglaciecola, and Nitrincolaceae (a bacterial family) ASVs dominated both the control
and Fe-enriched incubations. Aside from a slight increase in Glaciecola and
Paraglaciecola ASVs in the Fe-amended, no apparent shift in the bacterial communities
occurred between the control and treatment incubations (Figure 2B). The presence of
various ASVs from the bacterial orders Alteromonadales (Colwellia, Glaciecola, and
Paraglaciecola) and Flavobacteriales (Polaribacter) in both incubations is consistent
with SO bacterial community shifts fueled by diatom-derived dissolved organic matter
(Landa et al. 2016). However, other studies focusing on diatom bloom-bacteria
interactions have observed an increase in Flavobacteriales bacteria as the bloom
progresses (Baker et al. 2016), though this is not specific to Fe-enriched blooms. This
could indicate that the diatom growth within these incubations were in an early bloom
phase, consistent with the observation of an increase in Chaetoceros ASVs. The
metatranscriptome data presented here focuses on the most prevalent taxa found within
these diatom 18S and bacterial 16S communities and their response to alleviation from
low Fe conditions.
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Diatom and bacterial metatranscriptome taxonomy are largely consistent with rDNA
taxonomy
Prior to metatranscriptome assembly, a two-step filtering process was completed using
Centrifuge (Kim et al. 2016) to first remove bacterial, archaeal and viral reads and then
non-Stramenopile reads. Of the ~ 342 million trimmed read pairs, this resulted in ~ 223
million read pairs for a diatom metatranscriptome and ~ 106 million read pairs for the
bacterial metatranscriptome (Table 1). Once assembled via Trinity (Haas et al. 2013), this
yielded ~ 3.97 million transcripts and 390,847 transcripts, respectively. TransDecoder
(Haas et al. 2013) was used to detect ORFs and translate the transcripts, retaining those
with homology to peptides within the UniProt Swiss-Prot database (Consortium 2019)
and, for the diatom metatranscriptome, a custom database of various diatom genomes and
transcriptomes. After taxonomic classification with LPIclassify and the PhyloDB
database, 909,207 and 97,585 peptide sequences were identified for the diatom and
bacterial metatranscriptomes, respectively. Of these, 446,905 (49%) and 22,847 (23%)
were identified as either diatom or bacterial, archaeal or viral in origin, respectively.
Four diatom genera (Chaetoceros, Thalassiosira, Pseudo-nitzschia and
Fragilariopsis) composed the majority (54.7%) of the diatom metatranscriptome. This
corresponds well with the dominant ASVs found among the diatom 18S V4 community
composition data, with the only major discrepancy being the lack of identified Stellarima
sequences. Stellarima is one of the few diatom genera not represented in the PhyloDB
database, as there is no available genome or transcriptome. For the bacterial
metatranscriptome, four bacterial genera (Colwellia, Glaciecola, Gillisia, and
Pelagibacter) also composed the majority (54.6%) of taxonomically classified peptide
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sequences. While Colwellia and Glaciecola ASVs were present in high abundances
within the 16S V4 community data, Gillisia and Pelagibacter were not, as they are not
represented in the SILVA132 database used for taxonomic classification of bacterial
ASVs. In contrast, Polaribacter and Paraglaciecola sequences, while well represented in
the 16S V4 data, were present in low abundances or absent in the metatranscriptome data.
Polaribacter represented 1.8% of bacterial peptide sequences and Paraglaciecola is not
represented in the PhyloDB database. Apart from incomplete databases, these
discrepancies can likely be explained by the close relation of the bacterial genera within
these two datasets. The Polaribacter and Gillisia genera are both part of the
Flavobacteriaceae family within the Flavobacteriales order. Paraglaciecola is closely
related to Glaciecola as well, both of which are part of the Alteromonadaceae family
within the Alteromonadales order. Pelagibacter is also closely related to the SAR11
Clade Ia ASVs that are present in the 16S V4 dataset. Overall, in both the 16S V4 and
bacterial metatranscriptome datasets, bacterial genera from the orders Alteromonadales
(Colwellia, Glaciecola, etc.) and Flavobacteriales (Polaribacter, Gillisia, etc.) composed
the majority of the sequences. Particular emphasis will be given to teasing apart
metatranscriptomic responses to Fe-amendment from the prevalent diatom and bacterial
genera described above.
Diatom community gene expression in response to Fe status
Differential expression analysis of peptide sequences with corresponding KEGG IDs (K
numbers indicating functional orthology) was completed to determine the pathways that
were differentially regulated by different diatom genera after Fe addition. Of the 17,120
unique diatom genus and K number combinations, 6,002 (35%) were either differentially
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up or down-regulated with a p-adjusted value < 0.05. Of these, 3,077 were significantly
differentially downregulated and 2,925 were significantly differentially upregulated (no
log2 fold-change cutoff, but all were greater than |0.89|). A large portion of the
differentially regulated K numbers (1038 or 17%) originated from Chaetoceros,
consistent with its taxonomic abundance. The other prevalent diatom genera were less
represented in the dataset of differentially regulated K numbers: 422 (Pseudo-nitzschia),
292 (Thalassiosira), and 264 (Fragilariopsis). In general, upregulation of photosynthetic
pathways and nitrogen metabolism and downregulation of canonical Fe stress response
genes were observed across these prevalent genera. In addition, putative Fe-siderophore
uptake genes and various Fe uptake and storage genes were detected but expressed
nonuniformly among the diatom genera. The relative contribution to these regulatory
patterns by the different diatom genera is further discussed.
Fe-regulated photosynthetic proteins
Photosynthetic proteins have been used as markers of nutritional Fe status in
phytoplankton (La Roche et al. 1996) as much of the photosynthetic apparatus is
dependent on Fe as a cofactor (Raven 1990). In times of Fe stress, Fe-containing
photosynthetic proteins are sometimes replaced by those that do not require Fe,
effectively reducing the cellular Fe requirement (La Roche et al. 1993, Peers and Price
2006). For example, the Fe-containing ferredoxin (petF; K02639), an electron transfer
protein, is often replaced by the flavin-containing flavodoxin (FLDA1; K03839) in low
Fe conditions (La Roche et al. 1993). In this study, petF, the related ferredoxin-NADP
oxidoreductase gene petH (K02641), and the gene encoding mitochondrial ferredoxin
(K22071), were upregulated to varying degrees in different genera. Only Thalassiosira
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significantly upregulated the petF gene responsible for encoding the plastid-localized
ferredoxin. Surprisingly, Odontella was the only diatom found to significantly
downregulate petF in response to Fe supply, demonstrating a regulatory pattern inverse
of that typically seen for petF in Fe-replete conditions. In addition, FLDA1 was not
differentially regulated by the four dominant diatom taxa and was not identified in
Pseudo-nitzschia. Less prevalent diatoms, however, including Thalassiothrix, Proboscia,
and Corethron, significantly downregulated FLDA1 in response to Fe, a result expected
from laboratory studies of FLDA1 expression. FLDA1 is responsive to Fe levels in certain
diatoms such as Thalassiosira weissflogii and T. oceanica (Whitney et al. 2011, Lommer
et al. 2012, Chappell et al. 2015). However, after Fe enrichment in the HNLC northeast
Pacific, FLDA1 transcripts were more abundant in species such as Pseudo-nitzschia
granii (Marchetti et al. 2012). Flavodoxin protein accumulation levels also increased in
large diatoms after Fe addition in the SO (Boyd et al. 2000). In addition, a recent analysis
of numerous diatom genomes and transcriptomes found petF transcripts were less
common than FLDA1 transcripts across all four diatom classes, indicating that for some
diatoms, FLDA1 might be constitutively expressed (Groussman et al. 2015). As such, it is
not surprising there was a mixed regulation response among the different diatom genera
and species-specific assessment of this gene for use as an Fe stress indicator is likely
required. Regardless, for SO diatoms in general, the expression of petF versus FLDA1
under varying Fe conditions may not be a reliable indicator of Fe limitation.
Another protein substitution example is the replacement of the Fe-containing
cytochrome c6 (petJ; K08906) with the copper-containing plastocyanin (petE; K02638)
(Wood 1978). Within diatoms, this has only been confirmed in T. oceanica, but petE

136

transcripts have been detected in at least one representative from all four diatom lineages
(Peers and Price 2006, Groussman et al. 2015). In this study, petJ was not differentially
regulated by any of the diatoms and was only found in Chaetoceros and Thalassiosira.
However, petE was differentially downregulated in Fragilariopsis and interestingly,
upregulated in Chaetoceros, contrary to what would be expected under Fe-replete
conditions. Other genes encoding Fe-containing photosynthetic proteins were not as
common within the dataset. Cytochrome b6f (petC; K02636) was only differentially
regulated in Odontella, in which it was highly upregulated. Taken with the ferredoxin and
flavodoxin gene regulation patterns, these varying expression patterns indicate most
diatoms experienced alleviation from Fe stress in the Fe-amended condition. However,
the four dominant diatom genera either were not as severely stressed as the less prevalent
diatoms (Thalassiothrix, Proboscia, Corethron, and Odontella) or constitutively
expressed these genes as a mechanism for coping with chronic Fe-limitation.
Iron starvation induced proteins
The iron starvation induced proteins (ISIPs) were, for the most part, downregulated
across the diatom genera upon Fe addition (Figure 4). The genes encoding the three ISIPs
were first identified in diatoms as highly upregulated transcripts under Fe limited
conditions (Allen et al. 2008, Lommer et al. 2012) and are considered largely algalspecific. Though unrelated in structure, all three play important roles in Fe uptake or
storage mechanisms (Behnke and La Roche 2020). ISIP1 was significantly
downregulated in the four genera in which it was found – Chaetoceros, Thalassiosira,
Fragilariopsis, and Proboscia. ISIP1 contributes to an endocytosis-mediated
siderophore-uptake system in diatoms, though its exact mechanistic underpinnings are
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unclear. Evidence from a study in the model diatom Phaeodactylum tricornutum suggests
ISIP1 facilitates in the creation of vesicles at the cell surface that engulf Fe(III)siderophore complexes and transports them to the chloroplast, where they can be reduced
and the Fe(II) used in photosynthetic proteins (Kazamia et al. 2018). Transformation of
the T. oceanica ISIP1 homolog into P. tricornutum showed a similar cell surface
localization (Behnke and La Roche 2020). The downregulation of this gene under Fe
addition across the four diatom genera in which it was found is consistent with its use as
a marker for Fe stress across all major diatom lineages found in our SO study. ISIP2 was
downregulated by Thalassiosira and Proboscia, but not Chaetoceros, Fragilariopsis, or
Pseudo-nitzschia. Recently characterized as a phytotransferrin that binds Fe(III) at the
cell surface with high affinity and is then internalized via endocytosis (Morrissey et al.
2015, McQuaid et al. 2018), ISIP2 has been more variable in its use as an Fe stress
marker among diatoms. This could be due to species-specific structural differences in the
protein’s conserved domains, Fe-binding sites, and overall length, resulting in its
potential functional diversification among diatoms and other phytoplankton (Behnke and
La Roche 2020). Finally, ISIP3 was downregulated by Corethron and the four dominant
diatom taxa and not differentially regulated by Odontella. The least characterized ISIP,
ISIP3 contains a conserved domain that belongs to the ferritin superfamily and may
reside in intracellular vesicles to facilitate iron storage (Behnke and La Roche). The
significant downregulation of the ISIPs across most of the diatom genera indicates the
community as a whole was relieved of Fe stress upon Fe enrichment.
Putative Fe-siderophore uptake mechanism
At least one component of a putative siderophore uptake system was identified in
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Chaetoceros, Thalassiosira, Fragilariopsis, and Proboscia (Figure 5). The system, well
characterized in bacteria (Sandy and Butler 2009), includes at least one outer membrane
receptor, the TonB periplasmic protein, biopolymer transport proteins, periplasmic
binding proteins, and an ATP-binding cassette (ABC) transport protein. Generally, once
the receptor interacts with an Fe-siderophore complex, the resulting cluster of proteins
will interact with the TonB and biopolymer transport proteins to be transported across the
outer membrane. Once in the periplasm, the Fe-siderophore complex is escorted by a
periplasmic binding protein to an ABC transporter, where it passes into the cytoplasm
(Sandy and Butler 2009). The genes encoding outer membrane receptors for Fe
complexes (TC.FEV.OM; K02014) and ferrienterochelin and colicins (TC.FEV.OM2;
K16089) were significantly upregulated in Thalassiosira, although neither of these genes
were found in any of the other diatom genera. Similarly, Fragilariopsis was the only
diatom genus to express the gene ABC.CD.A (K02013), encoding a putative ATP-binding
protein, although it was not significantly differentially expressed. The gene for an Fe
complex transport system substrate-binding protein (ABC.FEV.S; K02016) was
significantly upregulated in Chaetoceros and Fragilariopsis, yet highly downregulated in
Proboscia. It was also expressed by Thalassiosira, though not differentially. Of the four
dominant diatom genera, Pseudo-nitzschia was the only one that did not contain any of
these Fe-siderophore uptake components. In addition, the genes encoding the other
components of the Fe-siderophore uptake system were not found in the diatom
metatranscriptome. Though well-known and functionally characterized across bacteria,
little evidence exists that points to the utilization of this system by diatoms. ABC.FEV.S
and a different ATP-binding protein ABC.FEV.A were differentially regulated in recent
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diatom (meta)transcriptomic and proteomic studies (Cohen et al. 2017, Cohen et al. 2018,
Moreno et al. 2020), but no lab studies have been completed that seek to functionally
verify them.
Iron uptake and storage
The putative reductive high-affinity Fe uptake mechanism found in some diatoms (Coale
et al. 2019) was not under differential regulation by any of the diatom genera (Figure 6).
In this mechanism, a ferric reductase will reduce Fe(III)-siderophore complexes, creating
a pool of Fe(II) close to the cell that can be re-oxidized to Fe(III) by a multi-copper
oxidase and transported across the membrane via an Fe permease. The gene encoding
ferric reductase (FRE; K00521) was not found in any of the diatom genera. Chaetoceros
expressed the high-affinity Fe permease (FTR1; K07243) and multi-copper oxidase
(MCO; K19791) but not differentially. Thalassiosira, Fragilariopsis, and Pseudonitzschia did not express either of these genes. These findings are consistent with a recent
study showing SO diatom transcriptomes often lack these genes compared to non-SO
diatoms. Though the SO diatom Pseudo-nitzschia subcurvata and Thalassiosira
antarctica contained FRE, they both lacked FTR1 and MCO was only detected in T.
antarctica (Moreno et al. 2018). It is therefore likely that SO diatoms rely on other
mechanisms of Fe acquisition, such as the use of ISIPs, NRAMP and ZIP proteins.
NRAMP proteins are divalent metal transporters that may be used in diatoms as
an Fe(II) uptake mechanism as well as for transporting stored Fe(II) out of vacuoles
(Kustka et al. 2007, Lampe et al. 2018). Under Fe addition, NRAMP1 (K12347) was
significantly downregulated in Fragilariopsis, not differentially expressed by
Thalassiosira and Pseudo-nitzschia, and not found in Chaetoceros. The downregulation
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by Fragilariopsis is consistent with a previous study reporting high expression of
NRAMP by Fragilariopsis in Fe-limited treatments in the subarctic northeast Pacific
(Lampe et al. 2018). Similarly, Pseudo-nitzschia in this study also expressed NRAMP but
not differentially. However, Thalassiosira significantly downregulated NRAMP in the
same study under Fe addition, indicating subarctic northeast Pacific Thalassiosira spp.
may rely on this mechanism more than their SO counterparts. ZIP transporters are more
non-specific, interacting with a range of substrates, but are both zinc and Fe-regulated
and can be used for Fe(II) uptake (Grass et al. 2005). ZIP7 (K14713) was significantly
upregulated in Chaetoceros, not differentially expressed by Pseudo-nitzschia, and not
found in either Thalassiosira or Fragilariopsis. This is contrast to the northeast subarctic
Pacific study that found both Thalassiosira and Chaetoceros differentially upregulated
ZIP7 under Fe-limiting conditions or after Fe removal, though it was not differentially
expressed by Pseudo-nitzschia (Lampe et al. 2018). Finally, ferritin (FTN; K02217) was
highly upregulated by Fragilariopsis, not differentially expressed by Thalassiosira, and
not found in either Chaetoceros or Pseudo-nitzschia. Ferritin is an important Fe storage
protein for HNLC diatoms and certain Pseudo-nitzschia species in particular (Marchetti
et al. 2009), so its absence in Pseudo-nitzschia in this study is surprising. The FTN gene
is typically more common in pennate diatoms and tends to be highly upregulated under
Fe addition in HNLC regions (Groussman et al. 2015, Marchetti et al. 2017, Lampe et al.
2018).
Nitrogen metabolism
Several nitrogen metabolism-related genes were highly differentially upregulated across
the four dominant diatom genera (Figure 7). Many components of nitrogen assimilation
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are Fe-dependent, and the process itself is energetically demanding as it requires a series
of steps driven by reducing powers (NADPH, ferredoxin) generated by photosynthesis.
Therefore, diatoms from Fe-limited environments typically favor reduced forms of
nitrogen such as ammonium (Maldonado and Price 1996, Marchetti et al. 2012, Pearson
et al. 2015). Upon the addition of Fe, nitrate/nitrite transporters (NRT; K02575) were
highly upregulated by Chaetoceros and Fragilariopsis, but not significantly by
Thalassiosira or Pseudo-nitzschia. The nitrate reductase gene (NR; K10534) was also
highly upregulated by Chaetoceros and Pseudo-nitzschia, but not differentially regulated
by Thalassiosira and not found in Fragilariopsis. Among genes encoding plastidial
nitrogen metabolism proteins, the dominant diatom taxa highly upregulated ferredoxinnitrite reductase (nirA; K00366), with the exception of Pseudo-nitzschia. The genes
encoding either ferredoxin-glutamate synthase (gltS; K00284) or glutamate synthase
(gltD; K00266) were significantly upregulated by Chaetoceros and Thalassiosira.
Pseudo-nitzschia did not differentially express gltS and gltD was not found, and neither
of these genes were identified in Fragilariopsis. In addition, genes encoding ammonium
transporters (AMT; K03320) were significantly downregulated in Thalassiosira and
Fragilariopsis and not differentially expressed in Chaetoceros and Pseudo-nitzschia.
This indicates that under conditions with available Fe, nitrate is the preferred nitrogen
source over ammonium, matching previous laboratory studies on the effects of nitrogen
sources on diatom Fe requirements and growth (Maldonado and Price 1996). The
significant upregulation of nitrate/nitrite metabolism genes compared to the muted
regulation of FLDA1 by the dominant diatom genera is consistent with previous studies
indicating HNLC diatoms divert newly acquired Fe to nitrogen metabolism as opposed to
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Fe-requiring photosynthetic proteins (Marchetti et al. 2012). By quickly upregulating
these nitrogen metabolism genes in response to pulses of Fe, diatoms such as
Chaetoceros gain a competitive advantage in chronically low Fe regions, enabling them
to grow rapidly and form large blooms. Diatoms such as Fragilariopsis that are prevalent
under ambient conditions, but with generally lower growth rates, are then able to take
over the community as blooms decline. These dynamics are consistent with those seen in
both naturally and artificially Fe-fertilized SO blooms (Quéguiner 2012).
Bacterial community gene expression
Reads that were classified as bacteria, archaea, or viruses by centrifuge were filtered and
assembled separately from those classified as eukaryotic in origin. The resulting bacterial
metatranscriptome was annotated and used for differential expression analysis following
the same steps outlined for the diatom metatranscriptome. Of the 2487 unique bacterial
taxa and K number combinations identified, 288 (12%) were significantly (p-adjusted
value < 0.05) differentially regulated. Of these, 100 were downregulated and the
remaining 178 upregulated (with log2 fold-change > |1.38|) in the Fe-amended
incubations relative to the controls. A substantial portion (107 or 37%) of the
differentially regulated K numbers were attributed to Glaciecola, despite composing only
329 (13%) of the 2487 total K numbers. In contrast, though K numbers from Colwellia
and Gillisia composed 505 (20%) and 175 (7%) of the total, they only contributed to 8
(2.8%) and 1 (0.35%) of the differentially regulated K numbers. As we were interested in
bacterial activity specifically as it relates to potential interactions with diatoms during
alleviation from Fe stress, we focused on the expression of Fe-related pathways and
various import and secretory pathways responding to diatom growth.
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Iron usage and siderophore uptake
Fe-regulated pathways and proteins were first searched for to determine how the bacterial
community was using the newly available Fe. Both bacterial flavodoxin genes (fldA/fldB;
K03839/K03840) were significantly upregulated in Glaciecola but not differentially
regulated by the one other bacterial genus in which they were found (Colwellia) (Figure
8). Bacterial flavodoxin has been implicated in maintaining Fe(II) within the cell to
provide it to the global Fe-dependent Fur repressor protein, which is upregulated under
redox stress and tightly regulates Fe homeostasis within the cell (Andrews et al. 2003). In
addition, Colwellia upregulated the gene encoding the Fe storage protein ferritin (ftnA;
K02217) and Glaciecola, Pseudoalteromonas, and Shewanella upregulated
bacterioferritin (bfr; K03594), though this differential expression was not significant. The
main difference between ferritin and bacterioferritin is the presence of a heme B group in
bacterioferritin. Both proteins serve the same general function of storing Fe(III) inside the
cell, with a possible secondary function of detoxification of Fe and redox-stress
resistance. However, the exact physiological mechanisms of these compounds in bacteria
are unclear (Carrondo 2003). They have been found in some bacteria to be upregulated in
Fe-rich compared to Fe-limiting conditions, both in laboratory and field incubations
(Nwugo et al. 2011, Bertrand et al. 2015). In addition, the differences in the presence of
bacterioferritin transcripts between low and high Fe waters are less pronounced than
other Fe-regulated pathways, indicating they may play more of a role in Fe homeostasis
than previously thought (Toulza et al. 2012; Debeljak et al. 2019).
Siderophore biosynthesis genes were searched for within the bacterial
metatranscriptomics dataset, but none were detected. The lack of transcript detection
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could be due to a couple reasons. First, siderophores are often produced by nonribosomal
peptide synthetases (NRPS) without the use of an RNA template, and NRPS-independent
systems are not well characterized (Crosa and Walsh 2002, Gulick 2009). Second,
siderophore biosynthesis pathways seem to be relatively rare compared to siderophore
uptake pathways, according to metagenomic analyses (Toulza et al. 2012). In fact,
components of Fe-complex uptake systems were differentially regulated to varying
degrees by several bacterial genera (Figure 9). Aquiflexum and Colwellia significantly
upregulated and Marinomonas significantly downregulated the Fe-siderophore complex
outer membrane receptor (TC.FEV.OM; K02014). The bacterial genera Alteromonas,
Gillisia, Glaciecola, Polaribacter, Pseudoalteromonas, and Shewanella also expressed
this gene, though not differentially. Most of these bacterial genera belong to either the
Flavobacteriales or Alteromonadales orders, consistent with studies showing much of
siderophore uptake gene expression in the SO originates from bacteria from these two
orders (Debeljak et al. 2019). The downregulation of TC.FEV.OM under Fe amendment
by Marinomonas is expected given the low Fe conditions of the control incubations,
indicating it was Fe stressed and thus highly dependent on the uptake of Fe-siderophore
complexes. The upregulation of this gene by Aquiflexum and Colwellia is more
surprising, as generally Fe-siderophore outer membrane receptors are induced only under
Fe starvation (Andrews et al. 2003). It is possible that once diatom growth was induced
and the bacteria were stimulated, competition for Fe increased as well, inducing the
expression of these Fe-siderophore uptake mechanisms.
Aquiflexum and Gillisia also upregulated the gene encoding the receptor for
hemoglobin, transferrin, or lactoferrin (TC.FEV.OM3; K16087), though significantly
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only in Aquiflexum. Unlike Fe-siderophore complexes, Fe from hemoglobin, transferrin,
and lactoferrin carrier proteins must be stripped prior to entering the bacterial cell
(Krewulak and Vogel 2008). Pseudoalteromonas was the only bacterial genus to
significantly upregulate two other components of an Fe-complex uptake system: exbD
(K03559), encoding a biopolymer transport protein, and tonB (K03832), encoding a
periplasmic protein. Glaciecola and Polaribacter expressed exbD and tonB, and
Colwellia expressed tonB, but they were not differentially regulated. In addition, the gene
for the second biopolymer transport protein involved in Fe-complex uptake, exbB
(K03561), was detected in Colwellia and significantly upregulated in Glaciecola. The
TonB-ExbB-ExbD complex energizes the opening of the outer membrane receptors
necessary for Fe-siderophore and other Fe-complex or heme uptake systems (Braun 1995,
Krewulak and Vogel 2008). Though upregulation of these different Fe-complex uptake
components under Fe-sufficient conditions is unusual, these expression patterns indicate
that under diatom-bloom conditions, some plankton-associated HNLC SO bacterial
genera may be better poised to capitalize on sudden pulses of Fe.
Other bacterial activity in response to diatom growth
In response to the addition of Fe, two bacterial genera in particular, Colwellia and
Glaciecola, upregulated several transporters that vary widely in their function (Figure
10). Glaciecola significantly upregulated an alkaline phosphatase gene (phoA/phoB;
K01077) and Colwellia upregulated a phosphate transporter gene (pstS; K02040). These
genes are well documented phosphorus stress markers in bacteria (Wanner 1996,
Madhusudhan 2003), indicating to some degree these genera were likely experiencing
phosphorus limitation in the Fe-amended incubations. This could be because diatom-
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derived carbon was elevated in the Fe-amended incubations compared to the controls. A
similar phosphate limitation response was found among bacteria in experiments that
involved the addition of phytoplankton-derived dissolved organic matter (DOM) to
seawater microcosms (McCarren et al. 2010).
Several genes encoding sugar and lipid transporters were also significantly
upregulated, including those for a multiple sugar transporter (ABC.MS.S; K02027) in
Colwellia, and a methyl-galactoside transport system permease (mglC; K10541) and a
glycerol transporter (glpV; K17321) in Glaciecola. Colwellia and Glaciecola both also
significantly upregulated the arbinogalactan oligomer/maltooligosaccharide transport
gene cycB/ganO (K15770). In addition, several genes encoding for outer membrane or
transport proteins (bamA, tolB, tolC, MipA; K07277, K03641, K12340, K07274) and
chemotaxis proteins (cheB/cheR; K13924) were highly upregulated by Glaciecola. These
expression patterns are consistent with studies demonstrating the induction of various
DOM transporters, carbohydrate and lipid metabolism pathways, and chemotaxis
pathways in bacteria responding to phytoplankton blooms or phytoplankton-derived
DOM (McCarren et al. 2010, Rinta-Kanto et al. 2012, Beier et al. 2015).
CONCLUSIONS
Here, we present evidence of SO diatoms and their associated bacteria showing a
variety of metabolic responses to the addition of Fe in a community setting. Using a
metatranscriptomics approach, we sought to tease apart the molecular strategies used by
different diatom genera to cope with ambient low Fe conditions and to determine how
each genus responded physiologically to its alleviation. We were also interested in
determining the role bacteria may play within the marine microbial community during an
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Fe-induced diatom bloom compared to when growing under potentially Fe-limiting
conditions. Fe addition elicited varying responses by different diatom genera, with more
prevalent diatoms experiencing more differential regulation of Fe-regulated pathways.
The diatom genera Chaetoceros, Fragilariopsis, Thalassiosira, and Pseudo-nitzschia
were prevalent in both Fe-amended and control incubations. While the presence of
Thalassiosira and Pseudo-nitzschia remained consistent between the incubations,
Chaetoceros increased upon Fe addition and Fragilariopsis decreased, according to
relative sequence abundance of ASVs from 18S V4 barcoding data. This is consistent
with “boom and bust” genera such as Chaetoceros responding rapidly to previous SO Fefertilization experiments, replacing the more heavily silicified and persistent growers
such as Fragilariopsis.
Metatranscriptomic analysis highlights the reason behind this, with Chaetoceros
seemingly able to divert newly acquired Fe more rapidly to nitrogen metabolism
pathways and less reliant on non-Fe containing substitution proteins or reduced forms of
nitrogen. Chaetoceros also contained components of a high affinity Fe-uptake system that
are constitutively expressed or augmented by Fe, as opposed to Fragilariopsis that did
not express these genes and seemed more reliant on vacuolar iron storage proteins such as
NRAMP. In addition, many of the diatom genera differentially downregulated the algalspecific ISIPs, including ISIP1 that is involved in endocytosis-mediated siderophore
uptake. There was also some evidence that Fe induced expressing components of a direct
Fe-siderophore uptake system (Fe-siderophore outer membrane receptor proteins and
corresponding ABC transporter components) in various diatom genera, consistent with
regulatory patterns in siderophore uptake seen in plankton associated bacterial
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communities. On the bacterial side, genera representing the Alteromonadales and
Flavobacteriales orders were prevalent in both sets of incubations, with no apparent shift
between the conditions. Within the bacterial metatranscriptome, some upregulation of
siderophore uptake genes was observed, possibly indicating increased competition for Fe
among the stimulated diatom-associated bacterial community. In addition, as diatomderived carbon was elevated in the Fe-amended incubations, the bacterial genera
experienced more phosphate limitation as a result. However, the Fe-amended bacterial
community seemed better poised to take advantage of this carbon source through the
upregulation of DOM transporters, carbohydrate and lipid transporters, and chemotaxis
pathways. Overall, this metatranscriptomics approach offers a glimpse to the molecular
strategies SO diatoms and their associated bacteria use under varying Fe conditions and
highlights the need to study these marine microorganisms within a community setting to
contextualize their physiological responses.
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and (E) dissolved Fe measurements, averaged from triplicate incubation bottles for
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163

A

B

1

2

Control

2

3

1

+Fe

2

Incubation Condition

Control

1

3

+Fe

Incubation Condition

1

2

3

3

164

0.00

0.25

0.50

0.75

Diatom 18S V4 Relative Abundance

Genus

Actinocyclus
Chaetoceros
Diatom Genera Composing <1%
Fragilariopsis
Guinardia
Gyrosigma

Porosira
Psammogramma
Pseudo−nitzschia
Stellarima
Thalassiosira

1.00

0.00

0.25

0.50

0.75

1.00

Bacterial 16S V4 Relative Abundance

Genus or Family (F)
Polaribacter
NS2b marine group
Colwellia
Oleispira
Clade Ia
SAR116 cladeF
F
Nitrincolaceae
Planktomarina
SUP05 cluster
CryomorphaceaeF
SAR92 clade
Sulfitobacter
Paraglaciecola
FlavobacteriaceaeF
NS5 marine group
Crocinitomix
Pseudohongiella
Fluviicola
Glaciecola
Other

Figure 2. Relative abundance of the (A) diatom 18S V4 communities and (B) plankton-associated bacterial 16S V4 communities for
both unamended control and Fe-amended (+Fe) incubations. Replicate bottle incubations are numbered.

Table 1. Read processing and assembly statistics for the Southern Ocean Feamendment diatom and bacterial metatranscriptomes
Diatom
Bacterial
Total number of libraries
8
Control (unamended)
3
+4 nM Fe
3
In situ (from CTD cast)
2
Total number of read pairs
trimmed
341,884,629
rRNA-filtered
335,231,465
post-centrifuge
222,729,279 106,086,773
Assembly (# of sequences)
original
4.22M
390,847
clustered
3.97M
% rRNA-filtered reads mapped to clustered
assembly
81%
highest expressed isoforms
3.41M
peptide sequences
1.11M
105,450
peptide sequences with taxonomic ID
909,207
97,585
% with diatom taxonomic ID
49%
% with bacterial, archaeal, or viral taxonomic ID
23%
% of diatom peptide sequences with ID to:
Chaetoceros
18.8%
Thalassiosira
13.9%
Pseudo-nitzschia
12.6%
Fragilariopsis
9.5%
Other diatom taxa
45.3%
% of bacterial, archaeal, or viral peptide sequences with ID to:
Colwellia
20.7%
Glaciecola
17.0%
Gillisia
10.5%
Pelagibacter
6.4%
Other bacterial, archaeal, or viral taxa
45.4%
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Figure 3. Heatmap of log2 fold changes in expression of genes encoding various Fe and
non-Fe containing photosynthetic proteins in different diatom genera in Fe-amended
(+Fe) incubations relative to the unamended control (-Fe) incubations. Differential
expression analysis was conducted using transcripts that were annotated with a KEGG ID
corresponding to each gene. Stars indicate significant differential expression, with a padjusted value (false discovery rate) < 0.05. A grey box indicates a gene was not
identified for a particular genus.
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Figure 4. Heatmap of log2 fold changes in expression of genes encoding the iron
starvation induced proteins (ISIPs) in different diatom genera in Fe-amended (+Fe)
incubations relative to the unamended control (-Fe) incubations. Differential expression
analysis was conducted using transcripts that were identified using blastx homology, as
ISIPs do not have a designated KEGG ID. Stars indicate significant differential
expression, with a p-adjusted value (false discovery rate) < 0.05. A grey box indicates a
gene was not identified for a particular genus.
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incubations relative to the unamended control (-Fe) incubations. Differential expression
analysis was conducted using transcripts that were annotated with a KEGG ID
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Figure 9. Heatmap of log2 fold changes in expression of genes encoding various Fesiderophore uptake system components in different bacterial genera in Fe-amended (+Fe)
incubations relative to the unamended control (-Fe) incubations. Differential expression
analysis was conducted using transcripts that were annotated with a KEGG ID
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ABSTRACT
Diatoms are an important phytoplankton group that have mutually beneficial
interactions with bacteria. Diatoms in Fe limited regions such as the Southern Ocean
(SO) may rely on bacterially produced siderophores, or organic ligands that can tightly
bind exogenous Fe, as an Fe source via the uptake of siderophore-bound Fe. This
interaction provides an excellent means of surviving in Fe limited environments. This
study investigated how three different SO diatoms (Fragilariopsis cylindrus, Pseudonitzschia arenysensis, and Thalassiosira tumida) may interact with their associated
bacterial communities during Fe-limitation and how they respond genetically to Fe stress.
During an austral spring 2016 cruise, a bacterial addback experiment was completed with
these axenic (bacteria-free) diatoms under Fe-rich (+Fe) and Fe-limited (-Fe) conditions.
The diatoms recruited previously known diatom-associated and siderophore-producing
bacteria. The two pennates F. cylindrus and P. arenysensis recruited distinct bacterial
communities from the centric T. tumida, but the +Fe and -Fe bacterial communities were
not significantly different for all three diatoms. In addition, P. arenysensis and T. tumida
Fe-limited transcriptomes revealed the use of a variety of Fe acquisition, transport, and
storage genes depending on Fe status. Bacterial metatranscriptomes from these cultures
also showed expression of components of the bacterial Fe-siderophore uptake system.
Most activity was attributed to Alteromonadales transcripts, particularly the genera
Colwellia, Glaciecola, and Shewanella. Overall, this study shows SO diatoms take an
orthogonal approach to adjusting to varying Fe concentrations, combining the use of a
variety of Fe acquisition and transport proteins to acquire bioavailable Fe or access
siderophore-bound Fe.
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INTRODUCTION
Diatoms are a highly diverse phytoplankton group that are responsible for 20% of
global carbon fixation (Nelson et al. 1995). Their growth and rate of carbon fixation is
constrained by the availability of nutrients. In high nitrate, low chlorophyll (HNLC)
regions, the largest of which is the Southern Ocean (SO), dissolved macronutrient (N, P,
Si) concentrations are high, but biomass of diatoms and other phytoplankton remain low.
Phytoplankton growth in HNLC regions is limited by iron (Fe) (Martin and Fitzwater
1988, de Baar et al. 2005, Boyd et al. 2007), which severely affects the diatom
photosynthetic apparatus. The number of photosynthetic units that can be synthesized and
the abundance of Fe-containing enzymes necessary for chlorophyll synthesis is reduced
under Fe stress (Raven 1990, Sunda and Huntsman 1997). This results in reduced
chlorophyll content, a decrease in photosynthetic efficiency, and slower growth rates
(reviewed in Behrenfeld and Milligan 2013). The assimilation of inorganic N, an
essential macronutrient for diatoms, as nitrate (NO3) is also affected as Fe is necessary
for the nitrate reductase enzyme (Timmermans et al. 1994). To combat these effects and
survive in Fe-limited environments, diatoms have evolved mechanisms to reduce their
cellular Fe requirements.
Diatoms from different regions, however, differ in both their physiological and
genetic response to Fe-limitation. Oceanic species found in HNLC regions are able to
cope with Fe-limitation better than coastal diatoms. In cultures with low Fe
concentrations, these oceanic diatoms are able to reach maximal or near maximal growth
rates while their coastal counterparts do not survive (Sunda and Huntsman 1995). HNLC
diatoms often employ molecular strategies to persist in Fe-limited conditions. In some
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cases, they will switch from using the Fe-containing ferredoxin protein, important in
photosystem function, to the non-Fe-containing flavodoxin protein substitute (Zurbriggen
et al. 2008, Whitney et al. 2011). The open ocean diatom Thalassiosira oceanica also
replaces the Fe-requiring cytochrome c6 with plastocyanin, a protein that utilizes a
copper co-factor (Peers and Price 2006). Another molecular strategy is the use of three
structurally unrelated and algal-specific iron starvation induced proteins (ISIPs) to
acquire Fe through various mechanisms (Behnke and La Roche 2020). The genes
encoding ISIP1, ISIP2, and ISIP3 have been highly upregulated in various Fe-limited
diatoms, including species that are tolerant to low Fe (Allen et al. 2008, Lommer et al.
2012, Marchetti et al. 2017).
In addition, recent studies have suggested that diatoms may acquire Fe through
direct uptake of siderophores. Siderophores are organic ligands produced by bacteria that
tightly bind exogenous Fe (Martinez et al. 2000, Gledhill et al. 2004). Diatoms are not
able to produce siderophores, but instead may take up siderophore-bound Fe (Strzepek et
al. 2011). Endocytosis-mediated uptake of Fe-siderophore complexes and subsequent
transport to the chloroplast by ISIP1 has recently been characterized in the model diatom
Phaeodactylum tricornutum. In addition, a reduction-dependent siderophore acquisition
pathway has also been characterized in P. tricornutum, depending on a bacterial-derived
receptor protein to uptake the Fe-siderophore complexes and a ferric reductase to reduce
the bound ferric (Fe3+) ions to ferrous (Fe2+) ions once inside the cell. In marine bacteria
that cannot produce siderophores, siderophore uptake genes are utilized as a common
“pirating” strategy to gain access to siderophore-bound Fe produced by neighboring
bacteria (Cordero et al. 2012). Homologs of siderophore uptake genes used by these
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bacteria have been found in SO diatoms and appear to be less common in temperate
diatoms (Chappell and Jenkins, unpublished). This is consistent with physiological
research indicating oceanic and SO diatoms can take up siderophore-bound Fe (Strzepek
et al. 2011). This interaction with either tightly associated or free living bacteria may
offer an excellent means of surviving in Fe-limited regions (Cordero et al. 2012, Kustka
et al. 2015).
A bacterial recruitment experiment was completed onboard an austral spring
research cruise to determine whether different Fe-limited SO diatoms a) associate with
distinct bacterial communities and b) undergo different gene expression responses in
response to Fe status in the presence of bacteria. Two pennate diatoms (Fragilariopsis
cylindrus and Pseudo-nitzschia arenysensis) and a centric diatom (Thalassiosira tumida)
previously isolated in the SO were antibiotic-treated prior to transport. The diatoms were
then grown under Fe-replete (+Fe) and Fe-limited (-Fe) conditions on the NBP16-08
research cruise in the western Antarctic Peninsula. On day 3 of the experiment, 3 μmfiltered ambient seawater was added to each culture, effectively adding back the
surrounding SO bacterial community. Molecular barcoding using the prokaryotic 16S V4
rDNA region was completed to determine if recruited bacterial communities (both
diatom-associated and free-living) changed between +Fe and -Fe conditions. In addition,
P. arenysensis and T. tumida Fe-limited transcriptomes were generated to help garner an
understanding of how these two SO diatoms respond genetically to Fe stress. Bacterial
metatranscriptomes from the P. arenysensis and T. tumida cultures were also generated to
determine how the associated bacterial communities coped with Fe stress. From these
(meta)transcriptomic datasets, Fe stress markers, Fe uptake, transport, and storage genes,
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and siderophore uptake and biosynthesis genes were targeted to determine differences
coping strategies used by diatoms and their associated bacteria.
METHODS
Diatom isolation, culturing, and antibiotic treatment
Two diatoms (Pseudo-nitzschia arenysensis and Fragilariopsis cylindrus) isolated during
Antarctic research cruise NBP13-10 (November 2013 to January 2014) and one diatom
(Thalassiosira tumida) isolated during NBP14-10 (December 2014) were used for these
experiments. To isolate the diatoms, surface seawater was collected from either the
shipboard underway system or with a CTD rosette and concentrated using Nitex mesh. A
drop of this concentrated seawater was then placed in one well of a three or four well
depression slide and viewed under an Olympus dissecting scope. A micropipette was
used to select one diatom cell, placing it into the remaining wells for two to three sterile
F/20 media rinses. After the last rinse, the cell was placed into one well of a 24 well
plate, with each well containing about 3 mL sterile F/20 media. At the end of each cruise,
cultures with sufficient growth were transferred to small culture tubes and either hand
carried or shipped back to University of Rhode Island on ice packs.
Cultures were maintained in the lab at 2 °C under a 16 h:8 h light cycle at ~ 65 μE
m-2 s-1. Cultures were first kept in F/20 media to avoid nutrient poisoning, then with each
subsequent transfer introduced to a higher concentration of nutrients until maintained in
F/2 media. All media was made with a base of low macronutrient Sargasso Sea seawater.
Cultures were made axenic following a standard antibiotic treatment protocol described
in Guillard 2005. After the treatment, a test using 5% bactopeptone to stimulate bacterial
growth and visual inspection under a light microscope was used to determine if antibiotic
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treatment was successful.
Shipboard bacterial recruitment experiment: Set-up
The three diatom isolates were grown onboard NBP16-08 in F/2 replete media. The
cultures were grown using the same conditions as in the lab (2 °C under a 16 h:8 h light
cycle at ~ 65 μE m-2 s-1). The cultures were brought onboard in 50 mL conical tubes and
first transferred into Sargasso seawater-based F/2 media in trace metal clean (TMC)
flasks. Growth was monitored by measuring relative fluorescence units using a Turner
Designs Trilogy Fluorometer. Once at sufficient growth, the cultures were again
transferred into F/2 media in TMC flasks, this time made with a Southern Ocean seawater
base from water collected using a CTD rosette at 125 m. At this point, growth was
monitored by measuring chlorophyll a concentrations on a Turner 10AU Fluorometer.
For each chlorophyll a measurement, 25 mL of culture was syringe filtered using a 25
mm Whatman GFF filter with a nominal 0.7 μm pore size. The filter was then placed into
6 mL of 95% ethanol and left to extract in the dark at room temperature for 12-24 hours
before measured.
Once at mid-log phase, the cultures were transferred from F/2 Fe-replete (+Fe)
media to F/2 media without Fe to acclimate the diatoms to Fe limited (-Fe) conditions.
Ambient 0.2 μm filtered 175 m seawater from a TMC CTD (NBP16-08 event 153) in low
Fe, HNLC waters was used to fill 2 L polycarbonate TMC clean bottles in the onboard
TMC van. The 12 Niskin bottles from the TMC CTD rosette were split into 3 50L
carboys. Each of these carboys was used to fill approximately one third of each 2 L bottle
to homogenize the water. The cultures were grown in either triplicate (P. arenysensis and
F. cylindrus) or duplicate (T. tumida) for each condition, totaling sixteen 2 L bottles.
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From each bottle, 840 mL of water was poured off to leave 1.5 L of ambient filtered
seawater. The bottles were then inoculated with culture in the TMC bubble and half the
bottles spiked with an 57Fe standard for a final concentration of 10 nM 57Fe per +Fe
bottle. The starting chlorophyll concentrations for each diatom strain at day 0 of the
experiment were 2.7 μg/L for P. arenysensis¸ 3.8 μg/L for F. cylindrus, and 13 μg/L for
T. tumida (Figure 1).
Whole seawater (WSW) was also collected at 25 m using a TMC CTD (NBP1608 event 149) on the same day and location as the seawater used to fill the 2 L bottles.
This water was stored in the onboard light van for three days in a 20 L cubitainer to allow
for growth of the phytoplankton and bacterial communities. On day 3 of the experiment,
the WSW was 3 μm-filtered in the TMC van and 850 mL of this filtered seawater was
added back to each +Fe/-Fe bottle. The +Fe bottles were re-spiked with the 57Fe standard
to bring the concentrations back up to 10 nM 57Fe.
Shipboard bacterial recruitment experiment: Sample Collection
The experiment ran for either 9 days (F. cylindrus) or 10 days (P. arenysensis and T.
tumida), with final timepoints determined by tracking growth measurements (Figure 2)
and macronutrient drawdown (Figure S1). Depending on the timepoint, samples were
taken for DFe and macronutrient (phosphate, nitrate, and silicate) measurements, sizefractionated (3 μm and 0.2 μm) DNA and RNA, chlorophyll a and relative fluorescence
measurements, photosynthetic efficiency (Fv/Fm), bacterial counts, and detection of
siderophore production (Table S1). Only samples for macronutrient and chlorophyll a
measurements were taken at each timepoint (Days 0, 2, 3, 5, 7, and final). RFUs and
Fv/Fm were measured at every timepoint except day 3. Samples for DFe, bacterial
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counts, and siderophore detection were only taken on Days 5 and final. Finally, sizefractionated DNA and RNA samples were taken on Days 3, 5, and final. Day 3 samples
were taken prior to the addition of the bacterial community. Filtered samples (3 μm and
0.2 μm) were also taken for the seawater fractions used for the experiment (Table S2).
Samples for DFe and DNA were collected in the TMC bubble by filtering 200 mL
of culture from each bottle onto 3 μm and 0.2 μm filters, with the filters used for later
DNA extraction at University of Rhode Island (URI) and the filtrate used for subsequent
DFe measurements at University of South Florida. RNA was collected and sizefractionated shipboard by filtering 200 mL of culture from each bottle using a peristaltic
pump in a 4 °C cold room. RNA from the final timepoints of each bottle were used to
generate Fe-replete and limited transcriptomes for each diatom. Samples for bacterial
counts were taken by preserving the filtrate from the RNA samples in 10%
glutaraldehyde for later analysis in the lab at URI. For RFU and Fv/Fm measurements, a
3 mL aliquot of culture was taken from each bottle, measured for RFUs using a Turner
Designs Trilogy Fluorometer, dark acclimated for 30 minutes, then measured for Fv/Fm
using a Fluorescence Induction and Relaxation (FIRe) Fluorometer. Chlorophyll a
concentrations were measured as described above, with the filtrate collected in a TMC 50
mL conical tube and used for macronutrient measurements on a shipboard Lachat
System. Siderophore production within each diatom-bacteria mixed community was
measured from the final timepoint 0.2 μm filtrate from one bottle for each diatom strain
and condition (3 diatoms, +Fe/-Fe = 6 bottles total).
16S V4 molecular barcoding. To identify the diatom-associated and free-living microbial
communities from these experiments, the day 3, 5, and final 3 μm (“diatom-associated”

180

or “DA”) samples and day 3 and final 0.2 μm (“free-living” or “FL”) samples were used.
DNA was extracted from all samples using a modified Qiagen DNeasy Plant Extraction
Kit or Qiagen AllPrep DNA/RNA Plant Extraction Kit protocol. A bead beating step
using an equal mixture of 0.1 and 0.5mm Zirconia beads was added at the beginning of
the protocol to disrupt both diatom and bacterial cells. The updated universal primer pair
515F (5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTA
A-3’) and 806R (5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGGGTWTCTA
AT-3’) from the Earth Microbiome project with added MiSeq adapters (primers
underlined) were used to PCR amplify the highly variable V4 region of the prokaryotic
16S rDNA gene (Caporaso et al. 2011). The primers include additional degeneracy to the
original primer pair that were made to lessen bias against certain archaeal and bacterial
groups (Apprill et al. 2015, Parada et al. 2016). The PCR program used was as follows:
94 °C for 3 minutes, then 94 °C for 45 seconds, 50 °C for 1 minute, 72 °C for 1 minute
30 seconds, repeated for 35 cycles, then 72 °C for 10 minutes. High-throughput 2 x 250
bp paired-end sequencing was performed using an Illumina MiSeq Reagent Kit v2 (500
cycle) for day 5 and final DA samples and day 3 FL samples (Run 1). Day 3 DA samples
and day final FL samples were sequenced on a second run (Run 2) using high-throughput
2 x 300 bp paired-end sequencing with an Illumina MiSeq Reagent Kit v3 (600 cycle),
stopped after 275 cycles at each paired-end to avoid adapter read-through. All library
preparation and sequencing were completed at the Rhode Island Genomic Sequencing
Center.
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Blank filters that were also extracted and run as negative controls on both
sequencing runs, and did not yield visible PCR amplified products on a gel. When
sequenced, these filter blanks contained 576 (3 µm) and 1,119 (0.2 µm) sequences from
Run 1 and 2,942 (3 µm) and 1,591 (0.2 µm) sequences from Run 2 (Figure S2). These
data were used to set sample thresholds for sequencing depth and identify any sequences
that may originate from sources of laboratory or sequencing library prep contamination.
Bioinformatic analysis of microbial communities
Cutadapt v. 2.3 (Martin 2011) was used to remove the primers and their reverse
complements from the sequence reads, with a minimum length set to 1 and no additional
parameters. FastQC (Andrews 2010) was used to check for quality of the sequence reads
before and after trimming, and multiQC (Ewels et al. 2016) was used to compile the
reports. The trimmed sequences were imported into QIIME2 v. 2019.1 (Bolyen et al.
2019) in BIOM format (McDonald et al. 2012), where all remaining bioinformatic
analysis was completed. DADA2 (via the q2-dada2 plugin; Callahan et al. 2016) was
used within QIIME2 to denoise and identify amplicon sequence variants (ASVs). For the
day 5/final DA and day 3 FL samples (from Run 1), DADA2 was run with truncation
lengths set to 230 for the forward reads and 200 for the reverse reads. For the day 3 DA
and day final FL samples (from Run 2), the truncation lengths were set to 220 and 190 for
the forward and reverse reads, respectively. Otherwise, DADA2 was run with default
settings for both sequencing runs. As the majority of 16S V4 ASVs were 253 bp, the
ASV sequences and count tables were filtered to only include those that were 251-255 bp
using the “feature-table filter-seqs” and “feature-table filter-features” functions. The ASV
sequences and count tables from each run were then merged by ASV ID using the
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“feature-table merge” and “feature-table merge-seqs” functions. As each unique ASV had
its own ID, this merged any overlap in ASVs between the two sequencing runs. A Naïve
Bayes classifier trained with the SILVA 132 database’s 99% similarity OTUs from the
515F/806R region of sequences was used to assign taxonomy to the ASVs via q2-featureclassifier (Pedregosa et al. 2011, Bokulich et al. 2018). Any ASV classifying as either
chloroplast or mitochondrial DNA was removed from the dataset. Diversity metrics were
calculated and statistical analysis completed in QIIME2. A phylogenetic tree was first
made using FastTree (Price et al. 2010) via q2-phylogeny with a masked alignment of all
ASV sequences made from MAFFT (Katoh 2002) via q2-alignment. To obtain a variety
of core diversity metrics, including phylogenetic and non-phylogenetic measures, the
“core-metrics-phylogenetic” function was used via q2-diversity. To determine
significance of the alpha and beta diversity metrics, the “alpha-group-significance” and
“beta-group significance” functions were used, with the beta diversity statistical analysis
using a pairwise ANOSIM approach to determine significance.
RNA extraction and sequencing.
RNA samples from T. tumida and P. arenysensis final timepoint samples were extracted
using a modified Qiagen AllPrep DNA/RNA Plant Extraction Kit protocol. Bead beating
steps were added with 0.1mm and 0.5mm zirconia beads to lyse the cells and a
QiaShredder column was used to remove cellular debris. Qiagen’s RNase-free DNase Set
was used as an on-column DNA removal step. A second DNase digestion was performed
using Ambion’s Turbo DNA-free kit after extraction of the RNA was completed. The
extracted total RNA was stored at -80 °C until sent to Genewiz, Inc (South Plainfield, NJ,
USA) for quality control, library preparation and sequencing. RNA samples of biological
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replicates remained separate and were not pooled. Quality control was performed using a
Nanodrop 2000 and Qubit RNA assay for quantity estimates and a TapeStation for the
RNA integrity number (RIN). RNA library preparation was completed using an Illumina
Ribo-Zero rRNA removal kit performed twice for both eukaryotic and prokaryotic
organisms. Samples were 2 x 150 bp paired-end sequenced using the Illumina HiSeq
2500 platform across two lanes (one for Pseudo-nitzschia and one for Thalassiosira),
with a single index per lane.
Trimming and taxonomic filtering of RNA sequencing data.
Sequences were trimmed using Trimmomatic v0.36 (Bolger et al. 2014) with the
following parameters in the order listed: an IlluminaClip (with 2:30:10 settings) using the
TruSeq3-PE-2.fa adapter sequence file provided by Trimmomatic, headcrop of 15 bp,
sliding window of 6 bp and Phred score of 20, and minimum length of 25 bp. A quality
control report of the forward and reverse reads from each sample was generated using
FastQC v0.11.5 (Andrews 2010) and compiled using multiqc (Ewels et al. 2016) before
and after adapter removal and trimming. Removal of any residual rRNA sequences was
done by mapping the trimmed reads against the SILVA 128 rRNA database (Quast et al.
2013) using bowtie2 v2.2.9 (Langmead and Salzberg 2013). Non-stramenopile reads
were removed in two steps using Centrifuge v1.0.3 (Kim et al. 2016). Reads were first
run against the provided Bacteria and Archaea index (updated 15 April 2018) to remove
any sequences matching to bacterial or archaeal genomes. Any remaining unclassified
reads were then run through Centrifuge again, against the provided NCBI nucleotide nonredundant sequences index (updated 3 March 2018), excluding classifications to bacteria,
archaea, metazoan, stramenopile, environmental and unclassified sequences (NCBI
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Taxonomy IDs 2, 2157, 33208, 33634, 61964 and 12908, respectively). This two-step
process effectively but conservatively removed any sequences that were likely to belong
to non-stramenopiles.
Thalassiosira tumida and Pseudo-nitzschia arenysensis transcriptome assembly.
The unclassified reads from the second Centrifuge step were de novo assembled using
Trinity v2.8.4 (Grabherr et al. 2015) with the default kmer length of 25 bp. Transcriptome
redundancy was reduced by clustering like-transcripts with CD-HIT-EST v 4.6.8 (Huang
et al. 2010), using the parameters -c 0.98 -n 10. Transrate v1.0.3 (Smith-Unna et al. 2016)
was used to assess the quality of the transcriptome and contigs marked as “good” were
used for all downstream analyses. DIAMOND v0.9.14.115 (Buchfink et al. 2014) was
then used to identify and pull out diatom-like sequence matches with a min bit score of
80 and the –more-sensitive flag. A protein database composed of 5 diatom genomes, 10
Fe-limited diatom transcriptomes, and 7 Thalassiosira transcriptomes (for T. tumida) or 7
Pseudo-nitzschia transcriptomes (for P. arenysensis) was used for this purpose. The 5
diatom genomes (Fragilariopsis cylindrus, Phaeodactylum tricornutum, Pseudo-nitzschia
multi-series, Thalassiosira oceanica, and Thalassiosira pseudonana) were downloaded
from the Joint Genome Institute website. All transcriptomes were downloaded from the
Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP; Keeling et
al. 2014) hosted on the iMicrobe website.
Read mapping quantification
Salmon v0.10.2 (Patro et al. 2015) was used to determine read counts for each biological
replicate using the Trinity align_and_estimate_abundance.pl perl script. The trimmed and
rRNA filtered reads for each +Fe and -Fe sample were used to map back to each diatom
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transcriptome. The Trinity abundance_estimates_to_matrix.pl script was used to compile
the expression matrices, and the Trinity filter_low_expr_transcripts.pl script with the –
highest_iso_only flag was used to filter the diatom transcriptomes to only include the
highest expressed isoform per gene.
Open reading frame prediction
This filtered diatom transcriptomes were then run through TransDecoder v.5.5.0 (Haas et
al. 2013) to determine the likely open reading frames (ORFs) within the assembly and
translate them into peptide sequences. To ensure ORFs with homology to known proteins
were retained, results from BLAST and Pfam searches were included. The
TransDecoder.LongOrfs command was first used to identify and extract long ORFs
(>100 amino acids) within the dataset. These long ORFs were then queried against the
UniProt Swiss-Prot database (The UniProt Consortium 2019) and a custom protein
database using blastp with an e-value cutoff of 1e-5. The custom database contained the
same 5 diatom genomes and 10 Fe-limited diatom transcriptomes used previously. The
hmmscan command from HMMER v3.1 (Eddy 2011) was then used to search for protein
domains within the long ORFs using the Pfam database. The TransDecoder.Predict
command was then run using the –retain_pfam_hits and --retain_blastp_hits flags to
retrieve all candidate coding sequences and their respective peptide sequences. The –
single_best_only flag was also used to retain only the single best ORF per transcript,
determined first by homology then ORF length.
Taxonomic filtering, annotation, and differential expression
The resulting peptide sequences were queried against the custom PhyloDB database
(containing eukaryotic, bacterial, archaeal and viral peptides from various repositories as
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well as all MMETSP data) using DIAMOND v0.8.35 with the default e-value of 0.001
(Buchfink et al. 2014). LPIclassify v0.1 was then run to determine the Lineage
Probability Index (LPI) scores (Podell and Gaasterland 2007) of each peptide sequence
based on the DIAMOND output and effectively assign them to a particular taxa. The
peptides were filtered to only include those that were assigned to the diatom lineage
(phylum Bacillariophyta). These diatom peptide sequences were run through eggNOGmapper v2.0.0 for functional annotation (Huerta-Cepas et al. 2017, 2019). Annotated
queries that contained Kyoto Encyclopedia of Genes and Genomes (KEGG) ID numbers,
or K numbers, were pulled and matched to their corresponding gene-level transcripts and
their read mapping counts. Counts were then summed by K number for each diatom
genus. Transcripts that were annotated with multiple K numbers were permitted to
contribute their counts multiple times. This matrix, containing unique Genus_Knumber
identifiers and their corresponding counts, was used to run a differential expression
analysis using DESeq2 (Love et al. 2014) via the Trinity run_DE_analysis script,
comparing the +Fe treatment samples relative to the -Fe control samples. K numbers
were considered differentially expressed if they had a baseMean > 10, p-value < 0.05 and
p-adjusted value (or false discovery rate) < 0.1, though no threshold for log2 fold change
was used.
RESULTS
Fe-limitation of the three diatom species
All three diatom species experienced Fe stress to some degree. Diatoms under -Fe
conditions were growth limited compared to +Fe cultures (Figure 2) based on Chl a
concentrations compared over the timecourse of the experiments. The F. cylindrus and P.
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arenysensis -Fe cultures did not experience growth limitation until Days 5 or 7,
respectively (Figure 2A,C), but were both growth limited by day final. Growth limitation
for T. tumida was apparent by day 3 of the experiment (Figure 2E), although this
limitation was less clear by day final as the growth from the two +Fe bottles showed
more variation than earlier in the experiment. A second measure of Fe stress included
photosynthetic efficiency (Fv/Fm) measurements. Fv/Fm decreased in -Fe F. cylindrus
and T. tumida cultures compared to the +Fe cultures by day 7, but remained the same in
P. arenysensis -Fe cultures compared to their +Fe counterparts throughout the experiment
(Figure 2B,D,F). It should be noted that as the < 3 μm microbial community was added
back on day 3 of the experiment, the only diatom cultures that demonstrated Fe-limitation
at this timepoint according to either growth or Fv/Fm data were the T. tumida -Fe
cultures. Macronutrient (nitrate, phosphate, silicate) concentrations were also measured
that showed more nitrate drawdown in +Fe than -Fe cultures for all three diatoms by day
final (Figure S1A). Phosphate and silicate drawdown was also higher in +Fe T. tumida
cultures than their -Fe counterparts, although this was not as clear in P. arenysensis and
F. cylindrus cultures (Figure S1B,C).
Sequencing analysis
High-throughput sequencing of the 16S rRNA V4 region captured shifts in both freeliving (FL) and diatom-associated (DA) microbial community composition throughout
the experiment. In total, 3,105,556 sequences were obtained across 96 samples after
merging and quality filtering. From these sequences, 946 ASVs were detected by
DADA2. After removal of ASVs that matched to chloroplast or mitochondrial DNA or
that did not meet the 251-255 bp length requirement, 789 microbial (bacterial and
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archaeal) ASVs were determined from 989,526 sequences. This was across the matrix of
samples, including the three diatom species (F. cylindrus¸ P. arenysensis, and T. tumida),
three timepoints (Days 3, 5, and final), two filter size-fractions (3 and 0.2 μm) and two
conditions (+Fe and -Fe).
As diatom cultures were antibiotic-treated in the laboratory, samples were taken
prior to the addition of the microbial fraction on day 3 to determine if any bacteria may
be present in the DA fraction. The sequences corresponding to these samples were at the
sequencing depth of the blank thresholds, varied widely between and within the different
diatom species, and had much lower sequence numbers than the DA fractions after
microbial community addition. The day 3 DA samples had on average 576 ± 876 (median
= 96) sequences per sample, versus the day 5 and final samples that had 4,348 ± 10,958
(median = 701) and 5,151 ± 8,072 (median = 2,763) sequences per sample, respectively.
The diatom-associated microbial communities
The T. tumida DA microbial communities from all timepoints were distinct from both the
F. cylindrus (p = 0.001) and P. arenysensis (p = 0.001) DA microbial communities
(Figure 3). However, the F. cylindrus and P. arenysensis DA microbial communities did
not significantly differ across the timepoints (p = 0.099). The final timepoint DA
microbial communities were more similar to the addback community (both the planktonassociated and free-living fractions) than the day 5 DA microbial communities (Figure 3).
This indicates a shift from the day 5 DA microbial community to one that is more similar
to the original addback community at the end of the experiment. Though the T. tumida
DA communities clustered separately from the pennate DA communities, the shift
between day 5 and final DA bacterial communities held true for all three diatoms. Iron

189

concentration did not alter the DA microbial community structure. The DA microbial
communities for all three diatoms did not significantly differ between +Fe and -Fe
conditions (p = 0.892). Therefore, the percent abundances presented here are across both
Fe conditions for each diatom species. The DA microbial community sequence data
across all samples was composed of ASVs from 22 bacterial orders and 1 archaeal order.
From the day 5 and final timepoints, after the microbial community addback on day 3,
the sequence data consisted of ASVs from 13 bacterial orders, with the bulk of the ASVs
from 7 bacterial orders (Alteromonadales, Cellvibrionales, Flavobacteriales,
Oceanospirillales, Rhodobacterales, Nitrosococcales) (Figure 4). Overall, 10 ASVs
composed on average 89% of the day 5 and final diatom-associated sequence data and are
described below.
All three diatoms experienced a decrease in Alteromonadales from day 5 to final
(Figure 4). In F. cylindrus and P. arenysensis, the decrease in Alteromonadales could
mainly be attributed to a single Colwellia ASV (ASV_548). In F. cylindrus, Colwellia
ASV_548 composed on average 60% of the sequence data on day 5 and decreased to
35% of the data by the final timepoint. Similarly, this ASV decreased from an average of
74% of sequences in the P. arenysensis cultures on day 5 to 44% by the final timepoint.
The decrease in Alteromonadales in T. tumida could also be attributed to a Colwellia
ASV, but a different Colwellia ASV (ASV_717) than that present in high abundances in
the P. arenysensis and F. cylindrus cultures (ASV_548). Colwellia ASV_717 decreased
from an average of 62% on day 5 to 44% of sequences by the final timepoint in T. tumida
cultures. This ASV was not present in F. cylindrus or P. arenysensis cultures, except for
one +Fe F. cylindrus culture on day 5, in which it composed just 0.34% of the sequence
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data. ASV_548 was still the second most abundant ASV in most T. tumida cultures,
though it did not decrease in abundance across the timepoints (14% to 16% of the
sequence data from day 5 to final). While T. tumida still experienced an overall decrease
in Alteromonadales sequences, one Alteromonadales ASV (ASV_176), classified as
Paraglaciecola, increased slightly from 5% on day 5 to 8% on the final. ASV_176
composed no more than 1% of sequences in the pennate diatom cultures.
The three diatoms also experienced an increase in Flavobacteriales (Figure 4) that could
mostly be attributed to a single ASV (ASV_691). ASV_691, taxonomically classified to
the family Flavobacteriaceae, increased from an average of 6% and 10% on day 5 to 25%
and 29% by the final timepoint in P. arenysensis and F. cylindrus cultures, respectively.
This ASV started at lower percent abundances in T. tumida (2%) on day 5, but increased
to 11% by the final timepoint. A second Flavobacteriales ASV (ASV_446) that was
classified to Polaribacter contributed to the increase in the pennate diatoms. ASV_446
increased from 4% to 12% in F. cylindrus cultures and from undetected to 15% in P.
arenysensis cultures. This ASV composed no more than 0.79% of sequences in T. tumida
cultures.
In both pennate diatoms, an increase in an ASV classified to the lesser known
Nitrincolaceae bacterial family (ASV_426) from the Oceanospirillales order was
observed (Figure 4). ASV_426 increased from 7 to 11% in F. cylindrus cultures and 2 to
8% in P. arenysensis cultures and when present in T. tumida, composed < 0.01% of
sequences. On the other hand, there were several bacterial ASVs present in relatively low
abundance (< 5% for each on average, composing a total of 10-20% of sequences) in the
T. tumida associated community that were simply not present in the pennate diatom
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associated communities. These included ASVs that matched to a bacterium from the
Methylophagaceae family (Nitrosococcales; ASV_100), a Sulfitobacter
(Rhodobacterales; ASV_439), one from the Rhodobacteraceae family (Rhodobacterales;
ASV 427) and an unknown Proteobacteria (ASV_516).
The free-living microbial communities
Though the focus of this study was on DA bacterial communities, the FL communities
were sequenced as well to determine which taxa were enriched in the DA fractions. The
FL microbial community structure significantly differed from the DA microbial
community structure (p = 0.001) in all three diatom species across all timepoints. The FL
microbial communities also had a higher alpha diversity (p = 1.48x10-12) than the DA
communities. FL communities in all experiments included more archaeal, SAR11 clade,
and Oceanospirillales ASVs than the DA communities. When comparing only the FL
microbial communities, those from the T. tumida cultures once again significantly
differed from those in the F. cylindrus (p = 0.004) and P. arenysensis (p = 0.002) cultures
(Figure S2). The FL microbial communities from the F. cylindrus and P. arenysensis
cultures, however, did not differ (p = 0.686). Overall, the final timepoint FL microbial
communities were again more similar to the addback communities (plankton-associated
and free-living) than the day 3 FL microbial communities (Figure S2). The FL microbial
communities from the pennate diatom cultures once again clustered separately from the
T. tumida FL communities.
The F. cylindrus and P. arenysensis cultures experienced an increase in
Flavobacteriaceae ASV_691, from < 0.3% in both sets of cultures on day 3 to about 30%
of the sequence data on the last day (Figure S3). ASV_691 did not experience an increase
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in T. tumida cultures, but rather started relatively high (37%) and ended high (36%) in
abundance. Alteromonadales sequences also increased overall between day 3 and the
final timepoint for all three diatoms. Colwellia ASV_548 in particular increased from
0.1-3% on day 3 to 12-15% of the sequence data at the end of the experiment across the
three diatoms. A second Alteromonadales ASV, Paraglaciecola ASV_176, also
increased from 3% to 14% in T. tumida cultures, though this ASV did not contribute to
more than 1% of sequences in the pennate diatom cultures. Colwellia ASV_717, again
not detected or in low abundance in the pennate diatom cultures, decreased from 10% to
4% in T. tumida cultures. Substantial increases in the Nitrincolaceae ASV_426
(Oceanospirillales) and Polaribacter ASV_446 (Flavobacteriales) were also observed in
the pennate diatom cultures from nearly undetectable to on average 20-26% and 9-10%,
respectively.
In addition, there were a few ASVs that decreased in abundance between day 3
and final in the pennate diatoms (Figure S3). These include the SAR11 clade ASV_164,
Thioglobaceae ASV_739 (Thiomicrospirales), and a Nitrosopumilus ASV_42 (archaeal
order Nitrosopumilales). Each of these ASVs composed about 10% of the pennate diatom
FL microbial communities and fell to < 3% by the final timepoint. However, these ASVs
were consistently low (< 1% or not detected) in the T. tumida cultures. Similarly, the T.
tumida FL microbial communities experienced a large decrease in the Methylophagaceae
ASV_100 (Nitrosococcales), from 30% on day 3 to 7% on the last day. Interestingly, this
ASV was not detected in any of the pennate diatom cultures.
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Diatom transcriptomics
Assembly and identification of diatom-like contigs
Following a two-step non-stramenopile filtering process using centrifuge (Kim et al.
2016), the remaining filtered forward and reverse paired-end reads were assembled with
Trinity (Haas et al. 2013). This yielded 71,324 assembled transcripts for P. arenysensis
and 167,664 assembled transcripts for T. tumida (Table S3). The assemblies were
assessed for quality and completeness using transrate, which determined there were
63,593 and 114,307 high quality contigs in the P. arenysensis and T. tumida
transcriptomes, respectively, based on read mapping statistics (Table S4). To remove any
non-diatom transcripts that were assembled, an additional filtering step was employed
post-assembly. A diatom-specific database, composed of five diatom genomes, 10 Felimited diatom transcriptomes and either Pseudo-nitzschia or Thalassiosira
transcriptomes, depending on the isolate, were used to filter diatom-like contigs. This
yielded 33,524 transcripts for P. arenysensis and 71,746 transcripts for T. tumida (Table
S3). TransDecoder (Haas et al. 2013) was used to identify potential ORFs within the
transcripts and translate them into peptide sequences. The peptide sequences were
queried against the comprehensive PhyloDB database using DIAMOND (Buchfink et al.
2014) and taxonomically identified using LPIClassify. Sequences classified to the
Bacillariophyta lineage for each diatom transcriptome were annotated via eggNOGmapper (Huerta-Cepas et al. 2019). Read mapping counts for transcripts annotated with a
KEGG ID (K number) were used for differential expression analysis of the +Fe cultures
relative to the -Fe cultures using DESeq2 (Love et al. 2014). Transcripts annotated with
multiple K numbers were permitted to contribute their counts multiple times. A targeted
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approach was taken to determine the differential expression of various Fe-regulated
proteins and pathways to determine how P. arenysensis and T. tumida differ in their Fe
stress responses. These were the focus of this study as Fe regulation in F. cylindrus has
been described previously (Strauss 2012).
Molecular markers of diatom iron stress
To ascertain molecular signatures of Fe-limitation in the two novel diatom
transcriptomes, the regulation of previously described molecular markers of diatom iron
status was evaluated. These are markers whose expression is elevated in Fe stress and
repressed in the presence of Fe (i.e. flavodoxin, algal iron starvation induced proteins ISIP1, ISIP2 and ISIP3) (LaRoche et al. 1993, Doucette et al. 1996, reviewed in Behnke
and Laroche 2020). In P. arenysensis, Fe addition repressed these genes (Figure 5). It
downregulated flavodoxin (K03839), the non-Fe containing ferredoxin substitute protein
needed for photosynthetic electron-transfer. In addition, Fe addition caused significant
downregulation of all three ISIPs in P. arenysensis, though to varying degrees. ISIP1,
involved in endocytosis-mediated siderophore uptake, and the functionally
uncharacterized ISIP3 were highly downregulated. ISIP2, now characterized as a cell
surface phytotransferrin with a high affinity for Fe (Morrissey et al. 2015, McQuaid et al.
2018), was slightly donwnregulated in comparison to ISIP1 and ISIP3. In contrast to the
regulatory patterns in P. arenysensis, neither flavodoxin nor the three ISIPs were
significantly differentially regulated within the T. tumida transcriptome, though they were
detected. The Fe-containing ferredoxin protein is often used as an electron transfer
protein in the photosynthetic apparatus instead of flavodoxin in times of high Fe. The
comparison of expression patterns between the two genes is therefore can be used as an
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indicator of Fe status in phytoplankton (Erdner et al. 1999). While ferredoxin (petF;
K02639) and ferredoxin-NADP reductase (petH; K02641) were not differentially
regulated by either diatom, the mitochondrial ferredoxin (K22071) and ferredoxinthioredoxin reductase catalytic chain (K17892) were significantly upregulated by P.
arenysensis, though not differentially regulated and not detected in T. tumida,
respectively. The Fe-containing photosynthetic protein cytochrome c6 (petJ; K08906)
was not detected in P. arenysensis and not differentially regulated in T. tumida under Fe
addition. Its copper-containing substitute plastocyanin (petE; K02638), while detected in
both diatoms, was not differentially regulated in either. Another photosynthetic protein
requiring Fe, cytochrome b6f (petC; K02636), was not found in P. arenysensis and not
differentially regulated in T. tumida.
Iron storage, uptake and acquisition
Other genes related to Fe storage, uptake or metal acquisition were searched for within
the two diatom transcriptomes (Figure 5). In response to Fe addition, well documented Fe
storage protein ferritin (K02217) was highly upregulated in P. arenysensis and detected
in T. tumida, though not differentially regulated. Similarly, the iron transport protein
ferroportin (K14685) was significantly upregulated in P. arenysensis yet not differentially
regulated by T. tumida. A suite of zinc transporters (ZIP1, ZIP2, ZIP7, ZIP8 and K14709,
K07238, K14713, K14714, respectively) were detected in both diatoms. Of these four
genes, only ZIP2 and ZIP8 were significantly upregulated by P. arenysensis, with none
differentially regulated by T. tumida. The natural-resistance associated macrophage
protein 2 (NRAMP2; K21398), and Fe transport protein that has been found to be utilized
by diatoms, was significantly downregulated by P. arenysensis and not differentially
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regulated by T. tumida upon Fe addition. In addition, components of a reductive highaffinity Fe uptake system thought to be responsible for Fe3+ to Fe2+ reduction in diatoms
(Maldonado and Price 2001, Kustka et al. 2007) is not differentially regulated in the two
diatoms. This includes a high-affinity iron permease (K07243) and ferric reductase
(K00521) that were not differentially regulated in either diatom, and a multi-copper
oxidase (K19791) that was not detected in either diatom.
Putative diatom siderophore uptake genes
Genes related to siderophore uptake, aside from ISIP1, were searched for in the diatom
transcriptomes to determine their possible utilization for Fe acquisition. In both the P.
arenysensis and T. tumida transcriptomes, the iron complex outer membrane receptor
TC.FEV.OM (K02014) was detected, though it was not significantly differentially
regulated by either diatom (Figure 5). Out of several possible genes related to siderophore
uptake (Toulza et al. 2012), TC.FEV.OM was the only one detected in either diatom.
Bacterial metatranscriptomics
The bacterial, archaeal, and viral reads filtered out using centrifuge from the trimmed and
rRNA-filtered reads were assembled via Trinity to acquire a metatranscriptome. As the
sequenced samples originated from 3 μm filters of each diatom culture bottle,
subsequently filtering out the free-living fraction of the microbial community, each
metatranscriptome was assumed to be from diatom-associated microorganisms inhabiting
either the diatom itself or its phycosphere (Seymour et al. 2017). After assembly, the
same pipeline used for the diatom transcriptomes was used for the bacterial
metatranscriptomes. Taxonomy was assigned down to each bacterial genus whenever
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possible or otherwise to the lowest taxonomic level given using LPIclassify and the
PhyloDB custom database.
Bacterial activity in Thalassiosira tumida cultures
Although T. tumida showed less transcriptional regulation in response to Fe than P.
arenysensis, the bacteria associated with this diatom showed dynamic Fe responses. The
bacteria associated with the T. tumida cultures showed some siderophore uptake activity
in the Fe replete cultures in comparison to the Fe-limited ones (Figure 7). The bacterial
genera that showed the most differential expression activity, in terms of K numbers, were
Colwellia and Glaciecola and match those that were prevalent in the 16S V4 community
data. In the case of Glaciecola, the closely related Paraglaciecola was abundant among
16S V4 sequences, but it is not represented in the PhyloDB database used for transcript
taxonomic classification. Various metal complex outer membrane receptors were
expressed by the T. tumida-associated bacteria. This includes the same iron complex
outer membrane receptor TC.FEV.OM (K02014) that was detected in both diatom
transcriptomes. Of the eight bacterial taxa that expressed this receptor (Figure 7), only
Mesoflavibacterii was significantly differentially upregulating it and none were
downregulating it. Similar proteins that were expressed include an outer membrane
receptor for ferrienterochelin and colicins (TC.FEV.OM2; K16089) by Shewanella and
Alteromonas and a hemoglobin receptor protein (TC.FEV.OM3; K16087) by
Mesoflavibacterii. Various ATP-binding cassettes (ABC) necessary for siderophore
uptake were detected as well, though none were significantly differentially expressed.
This includes an iron complex transport system ATP-binding protein (ABC.FEV.A;
K02013) expressed by Colwellia, a substrate-binding protein (ABC.FEV.S; K02016)
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expressed by Shewanella, and a putative ATP-binding protein (ABC.CD.A; K02003)
expressed by Glaciecola and Pseudoalteromonas. The last two components of this
siderophore uptake system, a biopolymer transport protein ExbD (K03559) and a TonB
periplasmic protein (K03832), were detected as well in Glaciecola and Alteromonadales
and Colwellia and Glaciecola, respectively.
While multiple components of the siderophore uptake pathway were expressed by
various bacterial genera in the T. tumida cultures, only two siderophore biosynthesis
genes were expressed (Figure 7). This includes myobactin polyketide synthetase (MbtD;
K04791) expressed by Colwellia and a nonribosomal peptide synthetase (DhbF; K04780)
by Teredinibacter. Neither were significantly differentially expressed.
Various iron uptake, storage, and related proteins were expressed by the bacteria
as well, though most were not differentially regulated (Figure 7). Only the bacteriaspecific iron storage protein bacterioferritin (K03594), detected in several genera, was
significantly downregulated in Colwellia. Other genes include the same ferritin (ftnA;
K02217) expressed by the diatoms, found in Colwellia. Two genes encoding Fe3+
transport system proteins were also found: fecA (K16091) expressed by Glaciecola and
Methylophaga and afuA/fbpA (K02012) by Colwellia and Octadectabacter. Colwellia and
Glaciecola also expressed flavodoxins I and II (fldA/fldB; K03839/K03840).
Bacterial activity in Pseudo-nitzschia arenysensis cultures
The bacterial community showed less activity in the P. arenysensis cultures than the T.
tumida cultures. Only a few siderophore uptake, iron uptake and iron storage genes were
detected (Figure 8). Similar to those found in T. tumida cultures, multiple bacteria taxa
expressed the iron complex outer membrane receptor TC.FEV.OM (K02014), including
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Shewanella, Gillisia, Pseudoalteromonas, and Alteromonadales. Only Gillisia
significantly differentially upregulated this gene. The only other siderophore uptake
system component expressed by members of the P. arenysensis bacterial community was
the tonB periplasmic protein (K03832), though it was only detected in Colwellia, a genus
that did not express TC.FEV.OM. The only other Fe-related genes detected were
bacterioferritin (K03594) by Shewanella and the ferric uptake transcriptional regulator
fur (K03711) by Colwellia, though neither were significantly differentially expressed.
While few siderophore and Fe-related genes were expressed by the P.
arenysensis-associated bacteria community, several nitrogen metabolism genes were
significantly upregulated (Figure 8). Marinomonas and Vibrio both upregulated the
glutamine synthetase gene glnA (K01915). Marinomonas also upregulated the nitrogen
regulatory proteins P-II 1&2 (glnB/glnK; K04751/K04752). In addition, Colwellia and
Microbulbifer significantly upregulated the ammonium transporter gene amt (K03320).
Finally, several genetic information processing genes were expressed, though only an
RNA polymerase sigma factor (rpoS; K03087) was significantly upregulated by
Colwellia.
Discussion
Differences in diatom physiological response to Fe-limitation
There were slight differences in the measured physiological response between the F.
cylindrus, P. arenysensis, and T. tumida -Fe cultures. While all of the -Fe cultures
experienced growth limitation according to chlorophyll a concentrations, only the
photosynthetic efficiency of F. cylindrus and T. tumida were affected. Though the Fv/Fm
of the +Fe P. arenysensis cultures decreased from day 5 to day final, the Fv/Fm of the -Fe
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P. arenysensis cultures also decreased. In contrast, the Fv/Fm of the -Fe F. cylindrus and
T. tumida cultures decreased from day 5 to day final in comparison to the -Fe cultures.
This is perhaps indicative of a physiological mechanism within P. arenysensis to adjust to
low Fe conditions by restructuring its photosynthetic apparatus, as seen in other diatom
species depending on where they were isolated (Strzepek and Harrison 2004). To
investigate these physiological differences at the genetic level, P. arenysensis and T.
tumida cultures were selected to generate Fe-limited transcriptomes, as there is already an
F. cylindrus Fe-limited transcriptome publicly available (Strauss 2012).
Fe stress did not have an effect on the recruited bacterial communities
Despite all three diatoms showing a physiological response to Fe stress in the -Fe
cultures, there was no significant difference in the recruited bacterial communities (either
diatom-associated or free-living) between the +Fe and -Fe treatments. Previous studies
have suggested that nutrient availability to the host can cause a shift in the metabolism of
their associated bacteria and subsequently a shift in the community composition
(Obernosterer and Herndl 1995, Baker et al. 2016). This could however be attributed to
major succession events, such as viral lysis causing diatom population decline and
changes in host growth status (Baker et al. 2016), rather than chronic nutrient limitation.
In addition, diatom-associated bacterial communities are highly conserved across long
periods of time as well as across different diatom strains (Behringer et al. 2018). This is
true for other algal lineages, such as coccolithophores and dinoflagellates, that harbor
their own specific bacterial consortia (Bolch et al. 2011, Green et al. 2015). It is likely a
9-10 day incubation period, with only a 3 day Fe-limitation pre-acclimation period for
each host diatom, was not long enough to cause a significant difference in the recruited
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associated bacterial communities. This challenges studies that suggest a change in the
physiological state of an algal species would be quickly reflected by its associated
bacterial community (Grossart et al. 2005).
Associated bacterial communities shift as the diatoms bloom
At the Order level, all three diatom-associated communities decreased in
Alteromonadales ASVs and increased in Flavobacteriales ASVs from the day 5 to final
timepoints. The initial high abundance of Alteromonadales ASVs two days postinoculation is congruent with studies showing these bacteria as important diatomassociated community members (Sapp et al. 2007, Baker et al. 2016). Much of the
increase in the Flavobacteriales ASVs is due to Polaribacter ASV_446 and
Flavobacteriaceae ASV_691, which is likely a second Polaribacter species (> 99%
sequence similarity to multiple Polaribacter sequences in NCBI’s 16s rRNA database).
Polaribacter species have been found in close association with diatom blooms, as they
are major algal polymer degraders, allowing them to capitalize off diatom extracellular
polysaccharide production (Klindworth et al. 2014, Xing et al. 2015, Dadaglio et al.
2019). All +Fe and -Fe diatom cultures experienced substantial growth, reaching
chlorophyll a concentrations of 20-40 μg/L in -Fe cultures and up to 70 μg/L in +Fe
cultures, well above those found during Southern Ocean blooms (Moore and Abbott
2000). The shift from Alteromonadales ASVs to Flavobacteriales ASVs therefore follows
typical diatom bloom-bacteria dynamics.
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The pennate diatoms recruited distinct associated bacterial communities from the
centric diatom
The pennate diatoms F. cylindrus and P. arenysensis recruited distinct associated
bacterial communities than T. tumida at the ASV level. The pennate diatoms F. cylindrus
and P. arenysensis microbiomes however contained more Colwellia ASV_548
(Alteromonadales), while the T. tumida contained more Colwellia ASV_717. Though
ASV_717 composed the bulk of the day 5 and final sequence data in T. tumida, it was for
the most part not detected in the pennate diatom cultures. Though the difference between
these two Colwellia strains are unknown, it’s possible that they are responding to
different organic matter signatures between the pennate and centric diatoms. Similarly,
the Paraglaciecola ASV_176 was present in higher abundances (5-8%) in T. tumida than
in the pennate cultures (< 1%). While many studies have investigated the core
microbiomes of different diatom species and strains (e.g. Schäfer et al. 2002, Baker et al.
2016, Mönnich et al. 2020), to our knowledge, none have sought to specifically
investigate potential differences in the core microbiomes of the two major diatom
lineages. As evidence suggests that diatom microbiomes are stable across species and
time (Behringer et al. 2018), as well as reproducible (Mönnich et al. 2020), differences in
pennate and centric diatom microbiomes could indicate varying carbon outputs from
these lineages that different bacteria species or strains can use.
The bacteria recruited are diatom-associated, siderophore-producing genera
Many bacterial ASVs were classified to well characterized diatom-associated genera
(Amin et al. 2012b), including Pseudoalteromonas, Maribacter, Colwellia, Glaciecola,
and Sulfitobacter. Of these, Colwellia and Pseudoalteromonas contain known
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siderophore-producing members (De Carvalho and Fernandes 2010, Leite et al. 2017).
Two Colwellia ASVs in particular (ASV_548 and ASV_717) were highly abundant in all
three diatoms, composing a combined 60-76% of the day 5 and 35-50% of day final
sequence data. There is some laboratory evidence that certain Colwellia species produce
siderophores (Leite et al. 2017, McDermith et al. unpub. results), though some Colwellia
genomes seem to lack the genes necessary for siderophore production. These same
genomes do however contain different genes encoding for outer membrane receptors
involved in siderophore-iron complex transport (Mason et al. 2014, McDermith et al.
unpub. results), indicating the potential to use the siderophores produced by other marine
microorganisms. On the other hand, there are several lines of evidence that many
Pseudoalteromonas species can both produce (Kanoh et al. 2003, Zane and Butler 2013)
and uptake (Armstrong et al. 2004, Thomas et al. 2008) siderophores. However, the
identified Pseudoalteromonas ASV (ASV_665) composed a small fraction of the
sequence data in each sample (< 1%).
Limited bacterial siderophore uptake and production activity detected
Multiple genes encoding siderophore uptake and production and Fe uptake, storage and
related proteins were detected in both the T. tumida and P. arenysensis cultures. Overall,
more K numbers related to these pathways, as well as K numbers in general, were
detected in T. tumida than in P. arenysensis, indicating a difference in activity between
these diatom-associated bacterial communities. In T. tumida, Colwellia and Glaciecola
were the source of the bulk of the K numbers detected, while the majority of K numbers
identified in P. arenysensis belonged to Colwellia. This is congruent with the 16S V4
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community data that shows either one or a mixture of two Colwellia ASVs (ASV_717
and ASV_548) composing the bulk of the sequences in both sets of diatom cultures.
Multiple siderophore uptake genes were detected in the T. tumida cultures, with
the most common being an Fe complex outer membrane receptor (TC.FEV.OM;
K02014), found in 12 bacterial taxa (8 shown in Figure 7). Of these, seven belonged to
the order Alteromonadales (Colwellia, Glaciecola, Shewanella, Pseudoalteromonas,
Alteromonas, Idiomarina, and Alteromonadales), with the other five originating from
Thiotrichales (Methylophaga), Flavobacteriales (Mesoflavibacter), Burkholderiales
(Pelomonas), an unclassified genus (Gallaeciomonas) and a Gammaproteobacterium (the
class in which Alteromonadales belongs). Within P. arenysensis cultures, 4 bacterial taxa
expressed TC.FEV.OM as well, including three within Alteromonadales (Shewanella,
Pseudoalteromonas, and Alteromonadales) and one with Flavobacteriales (Gillisia). This
is in line with similar findings that various Alteromonadales families, particularly
Altermonodaceae and Shewanellaceae, contribute substantially to siderophore uptake
gene expression in SO environments compared to other prokaryotic groups (Debeljak et
al. 2019). Only Mesoflavibacter (in T. tumida) and Gillisia (in P. arenysensis)
significantly differentially upregulated TC.FEV.OM in +Fe cultures, with most bacterial
taxa slightly downregulating this gene differentially, though not significantly. The latter
pattern is consistent with siderophore uptake being upregulated under Fe limited
conditions, in both in situ metatranscriptomics data (Debeljak et al. 2019) and laboratory
culture experiments (Amin et al. 2012a). The detection of the other components of ironsiderophore uptake systems, including genes encoding ABC transport proteins
(ABC.FEV.A/ABC.FEV.S/ABC.CD.A; K02013/K02016/K02003), biopolymer transport
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proteins (ExbD; K03559), and the TonB periplasmic protein (tonB; K03832), was spottier
among the various bacterial taxa in both T. tumida and P. arenysensis. Of note, these
genes were only detected in members of the Alteromonadales order, with T. tumidaassociated Glaciecola being the only member to express these four components, though
none were significantly differentially expressed in the Fe-amended cultures. Only two
genes related to Fe3+ transport (fecA and afuA/fbpA; K16091 and K02012) were detected
in the T. tumida-associated bacterial community, and none related to Fe2+ transport were
detected. Neither Fe3+ nor Fe2+ transport genes were found among the P. arenysensisassociated bacterial community. Similar findings of higher proportions of siderophore
uptake gene expression compared to Fe3+ and Fe2+ uptake among SO prokaryotic
communities have been reported (Debeljak et al. 2019), indicating a possible preference
for using siderophore uptake to acquire Fe.
While numerous siderophore uptake genes were detected within the bacterial
metatranscriptomes, only two genes encoding siderophore biosynthesis proteins were
detected, and only within the T. tumida cultures. Colwellia expressed the myobactin
polyketide synthetase gene (MbtD; K04791) and Teredinibacter expressed the
nonribosomal peptide bacillibactin synthetase gene (DhbF; K04780). Analysis of
metagenomes from the Global Ocean Sampling project found the siderophore
biosynthesis pathway to be relatively rare compared to the siderophore uptake pathway.
While siderophore biosynthesis was detected in only 3 of the 54 sites sampled,
siderophore uptake was found in all of the metagenomes (Toulza et al. 2012). While
siderophore uptake systems contain many structural similarities (Sandy and Butler 2009),
siderophore biosynthesis pathways are diverse, siderophore-specific, and possibly
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species-specific (Toulza et al. 2012). Siderophore production within transcriptomic data
is also hard to detect within transcriptomic data as many are peptide products that are
produced by nonribosomal peptide synthetases (NRPS) without the use of an RNA
template (Crosa and Walsh 2002). There are also NRPS-independent siderophore
synthetases, but they are not as well characterized (Gulick 2009). NRPSs are
multicomponent enzymes, with each component encoded by a separate gene, all of which
are regulated by the ferric uptake regulator (Fur) repressor (Escolar et al. 1999).
Colwellia within the P. arenysensis cultures expressed fur (K03711), though it was not
differentially regulated and was not detected in T. tumida cultures.
Bacterioferritin (K03594) was also detected in both sets of diatom cultures, with
Colwellia, Glaciecola, Pseudoalteromonas, Methylophaga expressing it only in T. tumida
and Shewanella expressing it in both diatoms. Only Colwellia significantly differentially
downregulated it in Fe replete cultures relative to the Fe limited treatment. Though
bacterioferritin is involved in iron storage, its regulation and mechanistic underpinnings
remain unclear (Carrondo 2003) and its prevalence in Fe limited compared to Fe replete
waters is not as pronounced as other Fe related pathways, such as siderophore uptake
(Toulza et al. 2012, Debeljak et al. 2019).
Detection of indirect siderophore uptake in diatom transcriptomes
ISIP1 has recently been characterized as a protein involved in mediating the endocytosis
of Fe-siderophore complexes. While ISIP1 does not directly bind these complexes, it
does play a role in creating a vesicle to transport them to the chloroplast where the Fe can
be used for photosynthetic proteins (Kazamia et al. 2018). The gene encoding ISIP1 was
significantly differentially downregulated P. arenysensis and detected in T. tumida in the
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+Fe cultures relative to the -Fe treatments. This indicates that while both of these diatoms
contain this gene as part of their toolbox, Fe-limited P. arenysensis cultures actively rely
on this mechanism to cope with Fe stress. Though the ISIP1 gene is not present in the
genome of the related P. multiseries diatom (Behnke and Laroche 2020), it has been
detected and highly upregulated in both P. granii and P. subcurvata Fe-limited
transcriptomes (Cohen et al. 2018, Moreno et al. 2018). As very few genes were
differentially regulated within the T. tumida cultures, it is unclear whether the same is the
case for this diatom. However, as multiple lines of evidence from genomes and
transcriptomes indicate that several Thalassiothiroid diatoms contain and actively use this
gene (Moreno et al. 2018, Behnke and LaRoche 2020), it could be that T. tumida does as
well and that it may just be expressed constitutively.
While not differentially regulated in either diatom, the TonB-dependent Fe
complex outer membrane receptor TC.FEV.OM (K02014) was found in both diatom
transcriptomes, indicating their capacity to utilize this bacteria-derived protein. As the
genes encoding the other components of this Fe-siderophore uptake system (ABC
substrate-binding proteins, biopolymer transport proteins and the TonB periplasmic
protein; reviewed in Krewulak and Vogel 2008) were not found in either diatom, it is
unlikely that these diatoms have the capacity to use this pathway in its entirety. However,
evidence suggests that Southern Ocean diatoms, and perhaps diatoms from HNLC
regions in general, contain parts of this bacteria-derived siderophore uptake system. This
is likely related to an HNLC diatoms’ ability to thrive in Fe limited conditions. The gene
encoding the ABC substrate-binding protein (ABC.FEV.S) was enriched in field
metatranscriptomes of a potentially Fe-limited diatom community in the western
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Antarctic Peninsula (Pearson et al. 2015). A study spanning the California Upwelling
System into the HNLC Northeast Pacific found ABC.FEV.S expressed by both Pseudonitzschia and Thalassiosira in field metatranscriptomes, with only Pseudo-nitzschia
differentially upregulating it upon Fe addition in incubations experiencing Fe-limitation
(Cohen et al. 2017). However, laboratory studies using F. kerguelensis found ABC.FEV.S
to be differentially upregulated under Fe limiting conditions (Moreno et al. 2020). While
it is still unclear how and when diatoms use these Fe-siderophore uptake components, the
ability to adopt a siderophore “pirating” strategy, such as those found in non-siderophore
producing bacteria, would provide a viable strategy for those persisting in regions scarce
in Fe.
Differences in diatom genetic response to iron limitation
Various Fe stress markers were searched for within the diatom transcriptomes to
determine differences in genetic response to Fe-limitation between P. arenysensis and T.
tumida. In P. arenysensis, the gene encoding the non-Fe containing flavodoxin (fldA;
K03839) was significantly downregulated in +Fe cultures, indicating its use as a
substitute for ferredoxin (petF; K02639) in -Fe cultures. This substitution is a common
strategy for coping with Fe stress among phytoplankton and particularly in diatoms (La
Roche et al. 1996). While petF was not differentially upregulated in +Fe cultures,
mitochondrial ferredoxin (K22071) and a ferredoxin-thioredoxin reductase catalytic chain
were both significantly upregulated (K17892). In addition, the genes encoding the
proteins ISIP2 and ISIP3 were both differentially downregulated in +Fe P. arenysensis
cultures. ISIP2, recently characterized as a transferrin found in a broad range of algal
species, concentrates Fe3+ at the cell surface and within vesicles to facilitate its uptake
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(McQuaid et al. 2018, Behnke and La Roche 2020). However, the ISIP2 structures appear
to be species-specific, leading to potential diversification of its function in some diatoms
(Behnke and La Roche 2020). In this study, P. arenysensis differentially downregulated
ISIP2 in +Fe cultures less so than ISIP1 or ISIP3, corroborating similar differential
expression patterns found in P. granii and F. cylindrus (Cohen et al. 2018a). ISIP3,
though not well characterized, contains a domain of unknown function that belongs to the
ferritin superfamily, indicating its potential use as an Fe storage protein. Transformation
of the T. oceanica copy of the gene into the model diatom Phaeodactylum tricornutum
indicate its presence in small vesicles close to the chloroplast, similar to the location of
ISIP1 (Behnke and La Roche 2020). T. tumida did not differentially regulate any of the
markers, possibly indicating they were not Fe stressed. However, as both the growth
curves and photosynthetic efficiencies of the -Fe cultures indicated some degree of Fe
stress, it is more likely the use of duplicate cultures rather than triplicates prevented the
detection of differentially expressed genes by DESeq2.
There was evidence for other mechanisms for iron acquisition, storage, and
transport within the diatom P. arenysensis. The use of various zinc and/or divalent metal
transporters (the ZIP suite of genes) in +Fe cultures indicates the ability of this diatom
species to utilize other metabolic processes to fulfill its iron and/or metal requirements.
Four ZIP orthologs were detected in P. arenysensis (ZIP1, ZIP2, ZIP7, and ZIP8), with
only ZIP2 and ZIP8 differentially upregulated under +Fe conditions. This is in contrast to
Pseudo-nitzschia from field incubation metatranscriptomes that only expressed ZIP1 and
ZIP7, neither of which responded to varying Fe status. The same field experiments
showed the centric diatoms Chaetoceros and Thalassiosira differentially upregulated
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ZIP1 and ZIP7, respectively, under Fe-limiting conditions or after the removal of Fe
(Cohen et al. 2017, Lampe et al. 2018). Another mechanism for iron storage and transport
using an NRAMP gene has been documented among centric diatoms including
Chaetoceros and Thalassiosira under Fe-limiting conditions (Lampe et al. 2018).
NRAMP proteins are nonspecific divalent metal transporters and have been found in some
eukaryotes, including Thalassiothiroid diatoms, to transport Fe out of vacuoles, though it
may also be used as a cell surface uptake mechanism (Portnoy et al. 2000, Lanquar et al.
2005, Kustka et al. 2007). In this study, NRAMP2 was not differentially regulated by T.
tumida but significantly downregulated by P. arenysensis in +Fe cultures. This is in
contrast to a previous study suggesting that NRAMP in subarctic Pseudo-nitzschia spp.
may constitutively express this gene as a low affinity cell surface mechanism for
obtaining Fe (Lampe et al. 2018). P. arenysensis may therefore also use NRAMP as part
of a vacuolar iron storage strategy.
There was also the detection and low differential expression of two out of three
components of a high-affinity Fe uptake system in both P. arenysensis and T. tumida. A
high-affinity Fe permease (K07243) and ferric reductase (K00521) were detected, while a
multi-copper oxidase (K19791) was not present in either diatom. This is consistent with a
previous study of SO diatom isolates that showed a scattered presence of these genes
within their transcriptomes compared to diatoms from non-SO regions. While the SO
diatoms P. subcurvata and T. antarctica contained a ferric reductase, neither contained a
high-affinity Fe permease and only T. antarctica contained a multi-copper oxidase
(Moreno et al. 2018). This points to the reliance of SO diatoms on other mechanisms of
Fe acquisition, such as the use of the ISIPs, NRAMP and ZIP proteins.
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CONCLUSIONS
SO diatoms employ a variety of strategies to persist and thrive in HNLC waters scarce in
bioavailable Fe. These strategies range from interactions with bacteria within a diatom’s
phycosphere to obtain siderophore-bound Fe to the differential regulation of genes within
Fe-related pathways. However, the strategies that each SO diatom species uses in
response to varying Fe conditions remains unclear. This study attempts to delineate the
responses of three previously isolated SO diatoms (Fragilariopsis cylindrus, Pseudonitzschia arenysensis and Thalassiosira tumida) to Fe-limitation. The three diatoms were
first antibiotic-treated to remove the majority of their associated and free-living microbial
communities and then brought on board an austral spring research cruise where they were
grown in both +Fe and -Fe conditions. After a three day pre-acclimation period, a < 3 μm
filtered fraction of ambient SO seawater was added to each diatom culture, effectively
adding back a natural SO bacterial community. We then sought to a) determine the
differences in the associated and free-living bacterial communities recruited by the three
diatoms, and b) determine the genetic responses of P. arenysensis and T. tumida and their
corresponding associated bacterial communities to Fe stress.
While the two pennates F. cylindrus and P. arenysensis recruited distinct bacterial
communities from the centric T. tumida, the +Fe and -Fe bacterial communities were not
significantly different for all three diatoms. A general decrease in Alteromonadales ASVs
and increase in Flavobacteriales ASVs throughout the experiment was found in all three
diatoms, consistent with known diatom bloom-bacteria dynamics. The bacterial
communities were transcriptionally sensitive to Fe level. The T. tumida-associated
bacterial communities showed more gene expression activity than those in P.
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arenysensis. Components of the bacterial Fe-siderophore uptake system were expressed
in both sets of cultures, with most activity attributed to transcripts originating from
bacterial taxa within the Alteromonadales order, particularly the genera Colwellia,
Glaciecola, and Shewanella. Though less common, siderophore biosynthesis genes were
also detected in T. tumida cultures. As there was more bacterial activity detected in the T.
tumida cultures, this diatom could be more dependent on its associated bacteria for Fe
acquisition than P. arenysensis. Though T. tumida cultures showed a physiological
response to Fe-limitation, its transcriptome yielded little differential gene expression
between +Fe and -Fe cultures. Either the Fe responsive genes are expressed constitutively
in this diatom or the use of duplicate cultures affected DESeq2 dispersion value estimates
and their corresponding significance. Constitutive expression of these genes would
provide support for its use of other strategies to persist in Fe-limited regions, such as
interacting with its associated bacteria. The P. arenysensis transcriptome however
revealed the use of a variety of Fe and/or metal acquisition, transport, and storage genes
depending on Fe status, such as ZIP2, ZIP8, and ferritin under replete conditions and
ISIP1, ISIP2, ISIP3, and NRAMP2 under limiting conditions. In addition, both P.
arenysensis and T. tumida expressed the Fe complex outer membrane receptor
TC.FEV.OM that is responsible for direct binding of Fe-siderophore complexes within
bacteria, indicating its possible use in diatoms. Overall, this study shows SO diatoms take
an orthogonal approach to adjusting to varying Fe concentrations, combining the use of
algal-specific ISIPs as well as more widely distributed non-specific metal transporters
(ZIPs, NRAMP) to acquire bioavailable Fe or mediate endocytosis of siderophore-bound
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Fe. Whether these SO diatoms can directly bind Fe-siderophore complexes produced by
their associated bacteria requires further investigation.
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Figure 1. Experimental design and timeline for the bacterial recruitment experiments
with the starting chlorophyll a concentration of each diatom. F. cylindrus and P.
arenysensis experiments were completed in triplicate while the T. tumida was completed
in duplicate.
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Figure 2. Growth curves based on chlorophyll a concentrations (µg/L) for Fe replete and Fe limited F. cylindrus (A), P. arenysensis
(C), and T. tumida (E) cultures. Photosynthetic efficiency (Fv/Fm) measurements taken throughout the bacterial recruitment
experiment are also show for each culture (B, D, F). The blue arrows indicate when the < 3 µm microbial community was added back
to each culture.

Figure 3. Non-metric multidimensional scaling plot of all Day 5 and final diatomassociated microbial community samples in relation to the microbial addback samples
(plankton-associated and free-living fractions). Color delineates the type of diatom
culture and shape delineates the timepoint.
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231
Figure 4. Relative abundance of the diatom-associated (> 3 µm) microbial communities at the Order level from the (A) F. cylindrus,
(B) P arenysensis, and (C) T. tumida +Fe and -Fe cultures from Days 3, 5 and final of the experiment. Each order is a bacterial order
unless indicated otherwise.

Figure 5. Heatmap of log2 fold changes in expression of genes encoding various Ferelated proteins in P. arenysensis and T. tumida Fe-replete cultures relative to their Felimited treatments. Differential expression analysis was conducted using transcripts that
were annotated with a KEGG ID (K number in parentheses). The genes encoding the iron
starvation induced proteins (ISIPs) that do not have a designated K number were
identified using blastx homology. Stars indicate significant differential expression, with a
p-value < 0.05 and p-adjusted value (false discovery rate) < 0.1.
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Figure 6. Heatmap of log2 fold changes in expression of genes encoding various siderophore and Fe-regulated proteins within the
bacterial community associated with the T. tumida cultures. All changes are Fe-replete cultures relative to their Fe-limited treatments.
Differential expression analysis was conducted using transcripts that were annotated with a KEGG ID (K number in parentheses).
Taxonomy was collapsed to either genus level or otherwise the lowest taxonomic level identified by LPIclassify. Asterisks indicate K
numbers with potentially significant differential expression, with a p-value < 0.05, but p-adjusted value (false discovery rate) > 0.1. K
numbers with significant differential expression (p-value < 0.05 and p-adjusted < 0.1) were not found.
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Figure 7. Heatmap of log2 fold changes in expression of genes encoding various siderophore, Fe-regulated, nitrogen metabolism and
genetic information processing proteins within the bacterial community associated with the P. arenysensis cultures. All changes are
Fe-replete cultures relative to their Fe-limited treatments. Differential expression analysis was conducted using transcripts that were
annotated with a KEGG ID (K number in parentheses). Taxonomy was collapsed to either genus level or otherwise the lowest
taxonomic level identified by LPIclassify. Stars indicated K numbers were significant differential expression, with a p-value < 0.05
and p-adjusted value (false discovery rate) < 0.1. Asterisks indicate K numbers with potentially significant differential expression,
with a p-value < 0.05, but p-adjusted value (false discovery rate) > 0.1.
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Figure S1. Nitrate (A), phosphate (B) and silicate (C) measurements throughout the
course of the bacterial recruitment experiment for F. cylindrus, P. arenysensis, and T.
tumida +Fe and -Fe cultures.
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Figure S2. Non-metric multidimensional scaling plot of Day 3 (prior to bacterial
addback) and final free-living microbial community samples in relation to the bacterial
addback samples (plankton-associated and free-living fractions). Color delineates the
type of diatom culture and shape delineates the timepoint.
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Figure S3. Relative abundance of the free-living (2 ≥ 3 µm) microbial communities at the Order level from the (A) F. cylindrus, (B)
P. arenysensis, and (C) T. tumida +Fe and -Fe cultures from Days 3 and final of the experiment. Each order is a bacterial order unless
indicated otherwise. The colors used are consistent with those used for the diatom-associated microbial communities in Figure 3.

Table S1. Samples taken from each bottle (A1-D20) throughout the course of the
bacterial recruitment experiment.
Daye

DFe
a

Nutsb

3 μm
DNA

0.2 μm
DNA

3 μm
RNA

0.2 μm
RNA

Chl

RFUsc

0
2
3
5
7
9 (A1-A6)
10 (B7-D20)
a. DFe = dissolved Fe. Not enough water was available to measure Fe speciation.
b. Nuts = macronutrients. Those measured include silicate, phosphate, nitrate and nitrite.
c. RFUs = relative fluorescence units
d. Sids = siderophores. Different DFe-binding organic ligands will be classified.
e. Days in blue are before the bacterial community was added. Days in green are after the bacterial
community was added.
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Fv/Fm

Table S2. Samples taken from seawater used for the bacterial recruitment experiment.
Metals
a

Nutsb

3 μm
DNA

0.2
μm
DNA

3 μm
RNA

0.2
μm
RNA

Chl RFUsc

Event 153
0.2μm
filtered
water
Event 149
3μm
filtered
water
a. This includes both DFe and Fe speciation.
b. Nuts = macronutrients. Those measured include silicate, phosphate, nitrate and nitrite.
c. RFUs = relative fluorescence units
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Fv/Fmd

Table S3. Read processing and assembly statistics for the
P. arenysensis and T. tumida transcriptomes
P. arenysensis
T. tumida
Total number of libraries
6
4
+Fe
3
2
-Fe
3
2
Total number of read pairs
raw
420,411,910
312,984,492
trimmed
254,257,804
178,176,955
average library size (trimmed)
42,376,301
44,544,239
rRNA-filtered
252,371,881
173,805,682
post-centrifuge
177,357,668
104,019,746
Assembly (# of sequences)
original
71,324
167,664
clustered (CD-HIT-EST)
69,451
155,124
"good" contigs (transrate)
63,593
114,307
diatom-filtered (DIAMOND)
33,524
71,746
% reads mapped
90%
81%
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CONCLUSIONS AND FUTURE DIRECTIONS
Diatoms are of critical importance to Southern Ocean (SO) biogeochemical
cycles, and knowledge of their varied biogeographies and molecular strategies used
depending on iron (Fe) status is necessary for understanding their regional and global
impacts. However, their range of life histories, growth dynamics, and complex molecular
biology make it difficult to draw broad conclusions for such a large and diverse
phytoplankton group. To advance our understanding of how diatom community
composition links to their environmental functioning, it is necessary to delve into species
or genus-specific characteristics within field and laboratory studies. The advent and
expansion of high-throughput sequencing technology, as well as the continued
development of diatom model organisms (Falciatore et al. 2020), have made it more
feasible to fill these knowledge gaps at the molecular level. This dissertation work used a
combination of high-throughput DNA and RNA sequencing to investigate both the
biogeography of SO diatom communities and their molecular response under varying Fe
concentrations.
The first two chapters detail diatom community composition in different regions
of the SO and the environmental factors that potentially drive their structure. We used a
diatom-targeted approach to barcode surface samples covering the Western Antarctic
Peninsula (WAP), Ross Sea Polynya (RSP), and surrounding waters of the high nitrate,
low chlorophyll (HNLC) Antarctic Circumpolar Current (ACC). Chapter 1 focused on
samples collected in the ACC and RSP during austral summer 2013. Small diatoms such
as Thalassiosira were prevalent in open ocean HNLC waters, while sea ice diatoms such
as Fragilariopsis composed the bulk of the sequence data in areas surrounded by ice. An
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RSP bloom, likely driven by vertical diffusion of dissolved Fe (DFe) from sediments,
showed high abundance of Pseudo-nitzschia in the sequence data. Overall, salinity and
DFe together explained the shifts in community structure, with sea ice melt contributing
to lower salinity in the ACC and in RSP areas that had high sea ice coverage. Chapter 2
provided an in-depth assessment of the WAP diatom community structure during austral
spring 2014 and 2016, providing a spatiotemporal comparison and correlation of certain
diatom groups with specific environmental traits. Namely, Fragilariopsis correlated with
high DFe and Si concentrations in the coastal WAP, and Pseudo-nitzschia,
Cylindrotheca, and small centric (Thalassiosira, Chaetoceros) diatoms correlated with
low DFe and Si concentrations in the offshore WAP.
The high-throughput barcoding approach used in the first two chapters is valid for
determining relative changes or shifts in the abundance of prevalent diatoms. However,
both of these chapters rely on a method that is not quantitative in its measurement of
diatom abundance. As the genomic copy number of the eukaryotic 18S rDNA gene used
varies immensely between even closely related phytoplankton (Zhu et al. 2005, Godhe et
al. 2008), these results cannot be interpreted in terms of absolute abundance. Fortunately,
the field as a whole has begun to address this issue with the use of standardization
techniques that allow for the calculation of absolute abundance of various organisms
(Tkacz et al. 2018, Gong and Marchetti 2019). The creation of working groups such as
the US Ocean Carbon Biogeochemistry’s Ocean Nucleic Acid ‘Omics group will
facilitate this, as they bring leaders of the field together to discuss intercalibration and
standardization tactics for oceanographic ‘omics data. In addition, the recent combination
of high-throughput imaging flow cytometry with machine learning algorithms for
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taxonomic identification is remarkably beneficial for studies that seek to characterize
community structure in detail (Sosik and Olson 2007, Zheng et al. 2017, Dunker et al.
2018). Regardless of the approach used, studies that address community structure
changes at a finer resolution over broad areas would greatly improve our understanding
of dynamic areas such as the SO.
Chapters 3 and 4 delve into the gene expression of SO diatoms under varying Fe
concentrations using (meta)transcriptomic approaches. We were also interested in the
responses of diatom-associated bacteria, as bacterial siderophore production and
subsequent use or uptake of Fe-siderophore complexes is a strategy some diatoms may
use to endure Fe-limited environments (Strzepek et al. 2011). Chapter 3 used
metatranscriptomics to detangle how various diatom genera within an in situ community
and their associated bacteria reacted to Fe-amendment after persisting in chronic Felimited conditions. The success of Chaetoceros in this experiment relied on the shunting
of newly acquired Fe to nitrate/nitrite metabolism rather than the induction of Fecontaining photosynthetic proteins. Components of a reductive high affinity Fe-uptake
system were constitutively expressed in Chaetoceros, which could give it an advantage as
these components seem less common in SO diatoms than temperate ones (Moreno et al.
2018). Fragilariopsis instead actively relied on the use of the vacuolar iron storage
protein NRAMP under ambient conditions. In addition, Thalassiosira upregulated the Fesiderophore outer membrane receptor (TC.FEV.OM) used in direct Fe-siderophore uptake
systems found in bacteria, and several diatom genera upregulated the corresponding
downstream ABC transporters. Within the bacterial metatranscriptome, dominated by
canonical diatom-associated Alteromonadales and Flavobacteriales bacteria, these Fe-
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siderophore uptake genes were also upregulated after Fe addition, indicating a possible
increase in competition for Fe within this community after its stimulation. Though the
upregulation of direct Fe-siderophore uptake systems is unusual under Fe-replete
conditions, their induction indicates the active production and utilization of Fesiderophore complexes.
Chapter 4 focused on the species-specific responses of three different diatoms and
their bacterial communities to Fe limitation. Three antibiotic-treated SO diatoms
(Fragilariopsis cylindrus, Pseudo-nitzschia arenysensis and Thalassiosira tumida) were
grown under Fe replete (+Fe) and Fe-limited (-Fe) conditions in the field and natural SO
bacterial communities were added back to each diatom culture. While the two pennates
F. cylindrus and P. arenysensis recruited distinct bacterial communities from the centric
T. tumida, the +Fe and -Fe bacterial communities did not significantly differ for all three
diatoms. Novel Fe-limited diatom transcriptomes and corresponding associated bacterial
metatranscriptomes were generated using the T. tumida and P. arenysensis cultures. The
bacterial metatranscriptomes in both sets of cultures revealed the expression of the Fesiderophore uptake system by the genera Colwellia, Glaciecola, and Shewanella. Though
less common, siderophore biosynthesis genes were also detected in T. tumida cultures.
The P. arenysensis transcriptome showed the use of a variety of Fe acquisition, transport,
and storage genes depending on Fe status. Though T. tumida cultures yielded little
differential gene expression between +Fe and -Fe cultures, it’s possible it constitutively
regulates these pathways as an Fe-limitation coping mechanism. Both P. arenysensis and
T. tumida also expressed TC.FEV.OM, supporting its possible use in diatoms to directly
uptake Fe-siderophore complexes as in Chapter 3.
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Overall, Chapters 3 and 4 show SO diatoms use a variety of mechanism for
adjusting to varying Fe concentrations. By combining the use of algal-specific ISIPs with
more widely distributed non-specific metal transporters (ZIPs, NRAMP), SO diatoms can
directly acquire limited bioavailable Fe or mediate endocytosis of siderophore-bound Fe.
Whether these SO diatoms can directly bind Fe-siderophore complexes produced by their
associated bacteria, however, requires further investigation. This will require diatombacteria co-culturing experiments to establish specific diatom-bacteria relationships,
verify the expression of diatom siderophore uptake genes and bacterial siderophore
biosynthesis genes, and validate the direct binding of these siderophores to possible
diatom Fe-siderophore outer membrane receptors. Siderophore production will also need
to be measured and the siderophores characterized, which is a field that is still in its
infancy. These are monumental tasks, but experimental validation of such a system would
make great strides toward the understanding of how SO diatoms in particular have
adapted to a region plagued by low light and Fe bioavailability.
Importantly, the detection of the Fe acquisition, transport, storage, and
siderophore uptake genes has been made possible by the continued sequencing and
annotation of diatom genomes and transcriptomes. While these sequence databases have
greatly expanded in recent years, there are still noticeable database absences that limit the
interpretation of field metatranscriptomes in particular. For example, the small centric
Stellarima increased in sequence abundance in the Fe-amended metatranscriptome
incubations. However, a Stellarima genome or transcriptome is not publicly available,
limiting the interpretation of our results. The continued addition of ‘omics data to public
databases is crucial for painting a complete picture of responses to varying Fe by
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different diatom genera in the field. Ultimately, this dissertation work adds to our
understanding of diatoms as important players in the SO ecosystem by assessing their
biogeography and responses to varying Fe concentrations using molecular techniques that
capture their highly diverse nature.
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